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ABSTRACT

SCALING UP C 7,YATER-1,ASED ORGANIC REACTIONS

by
Chen Gu

Three water-based organic reactions. DieIs-Alder, epoxidation of olefins,, and
free-radical bromination have been investigated as an approach to pollution prevention.
file first two systems were scaled-up by at least a factor of 20. These reactions are of
special interest to the pharmaceutical and specialty chemical industries. The photoinduced free-radical 'bromination of aliranes with bromine in water was studied in a twophase system. 'Experimental results show that all reactions have advantages resulting from
being conducted in water, such as reaction rate acceleration, reaction selectivity increase,
and the absorption of water-soluble gas byproduct by solvent water.
The effects of stirring rates, temperature, ratios of reactants and optimizatiori, of
:reaction conditions were studied for these reactions. Temperature and ratio of reactants.
exert a large effect on the .Diels-.A..Ider reactions, but stirring rate has only a minor effect.
For the epoxidation reaction, higher stirring rates always results in faster reaction rates in
the: range studied and higher temperature also result in faster reaction rate. Higher
concentration of Oxone is not always beneficial for the epoxidation reaction because mass
transfer is reduced as a result of the salting out effect.
Results of free-radical branlb tat ion of alkanes show that the reaction can easily
-

-

occur ander mild conditions. Bromination of toluene using an i ncandescent light source
-

-

produces benzyi bromide (a free-radical product) as a major porduct and o-, m-, or pbrornototuene (ionic substitution products, i.e. non-free-radical) as byproducts. The ratios
of benzyl bromide to bromotoluene increase with the increase of the intensity of
irradiation. Without light irradiation, the

-,

,

op p- bromotoluene are the sole products.

Brominatiort of cyciohexane produces mainly di-bromocyclohexane, and a smaller
amount of monobrorno product. This results from the neighboring brorno participation in
substitution of the second bromine.
'Water has a very good potential as the medium in ‘vhich to conduct some Organic
reactions, but new operating procedures need to be developed to fully capitalize on this
technology.
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CHAPTER 1

INTRODUCTION
Chemical products have played a very important role in every aspect of our daily life in
modern society. It is hard to imagine how to live without chemical products in modern
society. While we are enjoying the high standard of living brought about by chemical
products, we must deal with some of the consequences of chemical productions, viz.,
pollution. Major environmental problems associated directly or indirectly with chemical
production include global warming, ozone holes in the polar atmosperes, oil spills,
releases of toxic gases, as well as most air, water and solid pollutions. Pollution is one of
the most destructive ways that humans affect the quality of life on this planet.
Consequently, one must address the question of whether it is necessary to forgo a high
standard of living, in order to prevent or get rid of the pollutants produced by our living
standards. Alternatively, can we protect our environment while enjoying the high
standard of living brought about by chemical products? I think the following paragraph of
George A. Olah, who was the winner of the 1994 Nobel Prize in Chemistry and is an
optimistic chemist, gave the best answers. "I am a great believer that chemistry has a
major role to play in our lives and the lives of future generations, not only in exciting
fields like the biological and health sciences, where chemistry contributes a great deal to
our understanding at the molecular level, but as a core science in its own right. Chemistry
is often maligned - we are the guys who are fouling up the atmosphere, we have the
stinky (manufacturing)plants, and so on. But we are also the guys who can produce
essential materials and compounds that are touching all of our lives. However, we have to
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2
do this in a way that protects the environment to the maximum possible extent. I believe
-

you can do both. In other words, you can fulfill mankind's needs, produce what is needed
for the high standard of living we are all used to. Few want to give up that up. But at

same time, do it in new ways that are more compatible with a safe and an
environmentally benign coexistence between technology and nature." These words were

said by Olah to Rudy M. Aaum, a C&EN's assistant managing editor for science and
technology, in an interview and printed in the C&EN of Feb. 27, 1995.
Chemists now face a stronger challenge than ever: namely how to produce

chemical products that are needed in modern life and keep the environment clean at the
same time. To respond to the challenge, a new concept that has become known as "green
chemistry" or "green technology" has been developed. It is the effort to incorporate

environmental consciousness and the notion of sustainability into chemical research and
development at its earliest stages (Inman 1994). Green chemistry is an effort to change
the very concept of efficiency as it is applied to industrial chemical processes by shifting
the balance from an exclusive focus on yield to one that places economic value on
minimizing or eliminating wasteful by-products. Traditionally, commercial synthetic
reactions were developed primarily on the merits of product yield, with little or no regard
for the toxic nature of the raw materials, catalysts, solvents, reagents, by-products, or
impurities.
Preventing pollution of air, land, and water is more logical and cost-effective than
remediating existing pollution. Traditional approaches of waste management have
focused on end-of-the-pipe and end-of-the-product methodologies. Pollution prevention

3
is an environmental emission control approach designed to minimize the release of
pollutants into the air, water, and land. A pollution prevention or waste minimization
program is required under the Resource Conservation and Recovery Act. in the Pollution
Prevention Act of 1990, U. S. Congress established a national policy that:
•

pollution should be prevented or reduced at the source whenever feasible;

•

pollution that cannot be prevented should be recycled in an environmentally safe
manner whenever feasible;

•

pollution that cannot be prevented or recycled should be treated in an environmentally
safe manner whenever feasible; and

•

disposal or other release into the environment should be employed only as a last resort

and should be conducted in an environmentally safe manner.
According to the EPA's official definition (US EPA 1990), pollution prevention
includes any practices that reduce or eliminate the creation of pollutants through (1)
increased efficiency in the use of raw materials, energy, water, or other resources, or (2)
protection of natural resources by conservation. "Source reduction" is defined under the
Act as any practice which:
•

reduces the amount of any hazardous substance, pollutant, or contaminant entering
any waste stream or otherwise released into the environment (including fugitive
emissions) prior to recycling, treatment, or disposal; and

•

reduces the hazards to public health and the environment associated with the release
of such substances, pollutants, or contaminants. Source reduction includes equipment
or technology modifications, process or procedure modifications, reformulation or
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redesign of products, substitution of raw materials, and improvements in
housekeeping, maintenance, training, or inventory control.
As regulatory and industry efforts expand from merely cleaning up pollution to
preventing it in the first place, environmental chemistry is finally entering the
mainstream. Lured by increased government and industrial funding and by the intellectual
challenges of the new subdiscipline, a cadre of chemists is now aiming to rethink some of
the central processes of industrial chemistry in the name of environmental soundness. For
example:
i) Catalysts are credited by some with the very existence of a chemical industry.
Some of these catalysts contain toxic metal atoms, including mercury and silver, that
become hazardous waste when the catalysts lose their effectiveness and are discarded.
Gary Epling and his colleagues at the University of Connecticut are looking for a benign
alternative to heavy metal catalysts: Dye molecules that can capture energy from sunlight
or some other cheap light source and then drive reactions that are important in the
agrochemical and pharmaceutical industries (Epling, Florio, and Bourque 1988; Amato
1993).
ii) The basic starting material for production of many industrial chemicals,
including hydroquinone, a photographic developing agent, and benzoquinone, a common
ingredient for industrial chemicals, is benzene. But this versatile petrochemical is also a
carcinogen and a pollutant. For making hydroquinone and benzoquinone, there is a
benign alternative: quinic acid. And John Frost and colleagues at Michigan State
University may have derived an equally benign route for making it: They have genetically
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engineered a bacterium that can produce the substance by digesting glucose. (Draths and
Frost 1994; Amato 1993).
iii) Most industrial chemical reactions are run in organic solvents, among them
chlorofluorocarbons, benzene, and carbon tetrachloride-all of which have such
environmental downsides as toxicity or damage to the stratospheric ozone layer. For at
least one major class of industrial reactions, there may be a gentler substitute. James
Tanko and an associate of Virginia Polytechnic Institute and State University are
examining supercritical carbon dioxide-carbon dioxide in a netherworld between the
liquid and gaseous states. They think it could do the job for reactions known as
halogenations, in which chlorine or fluorine, say, replaces one or more of the hydrogen
atoms on a hydrocarbon as a first step in the manufacture of hundreds of products,
including drugs and polymers (Tanko and Blackert 1994; Amato 1993).
iv) When hundreds or thousands of pounds of different chemical ingredients are
mixed in huge vats, sent down pipes, treated with gases, heated, cooled, and otherwise
pummeled into new ingredients or products, waste and pollution have lots of
opportunities to rear their ugly heads. Chemical engineer W. Harmon Ray at the
University of Wisconsin is developing computer modeling methods aimed at helping
chemical companies design the safest and most efficient processes and operating
conditions while minimizing pollution (Paquet and Ray 1994; Amato 1993).
v) Volatile solvents such as methylene chloride can escape into the air,
contributing to global warming, as when ink and other coatings dry in over large-scale
operations such as coating photographic paper or running printing presses. Alec Scranton
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and colleagues at Michigan State University hope to turn down the heat with solvent-free
inks and coatings. The inks, based on molecules known as vinyl ethers, would cure when
exposed to ultraviolet light, which would cause the vinyl ethers to polymerize- link
together into long, durable chains (Amato 1993).
There has been an increasing concern about emissions of volatile organic
compounds (VOC's) in the chemical industry, especially the more hazardous ones such as
chlorocarbons and aromatics. For example, the Occupational Safety and Health
Administration (OSHA) has recently proposed lowering from 500 ppm to 25 ppm the
permitted average hourly exposure to methylene chloride, a widely used solvent, (Hanson
1991) Pharmaceutical and specialty chemical industries have a number of characteristics
that make them ideally suited as candidates for VOC reduction:
•

A large variety of hazardous organic solvents are used in the many chemical reactions
leading to varied chemotherapeutic agents

•

Since the pressure to reduce costs is not as great as in the heavy chemicals industry,
efforts to reduce cost are not as great as in the heavy chemicals industry, efforts to
reduce or remove VOC's are more economically feasible.

•

Since a certain amount of scale-up (from a laboratory scale of one gram or less to a
"kilo" scale of 10-30 kg; 5-22 L volume) is required initially to provide enough
prospective drug for testing, scale-up of reactions involving reduced amounts of
hazardous organic solvents can be a great value.
Solvent substitution is one method of waste minimization in the pharmaceutical

and specialty chemical industries. There are several reported attempts in this area to
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create more environmentally friendly processes in organic syntheses. Ted H. Grindstaff
(1994) believes that processes to synthesize chemicals without using any solvents can be
beneficial in preventing pollution and reducing costs. There are concerns about 'syntheses
without solvents' because a dangerous operating condition may be faced in some
reactions without solvents such as explosion in free radical reaction and fire in highly
exothermic reaction, etc. (Mendenhall 1995). Super fluids (Tanko and Blackert 1994)
may be a very good reaction media that has obvious environmental advantages but at
present it is not a practical process employed in larger commercial scale reactions.
Aqueous reaction solution is another good way of eliminating the need for organic
solvents. Georgios Papadogianakis (Haggin 1995) has found a new carbonylation reaction
of an alcohol in aqueous media, with a palladium complex as the catalyst, which is the
first example we know of where a catalytic carbonylation uses complexes of transition
metals with trisulfonated triphenylphosphine ligands in completely aqueous media.
Aqueous media are now viewed as an excellent means to effect nearly complete catalyst
separation and recovery in many organic transformations (Haggin 1994).
In our research, we have aimed at finding ways to eliminate/reduce the use of
hazardous organic solvents in the manufacture of pharmaceuticals and specialty
chemicals and to replace them with aqueous media in some reaction systems which
traditionally are conducted in organic solvents. Some of these reactions have been run in
water on a small scale (Rideout and Breslow 1980; Zhu and Ford 1991). We will try to
prove the feasibility of conducting organic reactions in aqueous system on a larger scale
through the stepwise scaling up of these systems. The Diels-Alder reaction, the
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epoxidation of olefins, and the free radical bromination of alkanes are chosen as our
model systems to be investigated in this work.
Why water is chosen as a reaction medium in our study is based on the following
considerations: water is cheap and has a plentiful supply; water is clean and does not have
any environmental pollution problem; there have been some successful cases which
utilize water as a reaction medium in a preparative scale.
We think that replacement of organic solvents with water is a good approach in
the practice of source reduction by material changing.

CHAPTER 2

AQUEOUS DIELS-ALDER REACTION

2.1 Introduction
The Diels-Alder reaction, which was first reported in 1920 (Diels and Alder 1928) and
named after its discoverers, is a standard method for the preparation of six membered ring
compounds and has wide applications in organic syntheses. The simplest example of
Diels-Alder reactions is the reaction of 1,3-butadiene and ethylene to yield cyclohexene:

Eq. 2-1

Because of the great importance of Diels-Alder reactions, much research has been
done on this synthetic method. Traditionally, the reactions were carried out in various
organic solvents. Though the Diels-Alder reactions in aqueous media were first carried
out back in the 1930s (Diels and Alder 1931; Hopff and Rautenstrauch 1942; Woodward
and Baer 1948), there were no further studies reported on this subject until Dr. Ronald
Breslow (1980) of Columbia University and his coworkers were the first ones to report
that the Diels-Alder reaction was strikingly accelerated when water is the solvent
(Rideout and Breslow 1980). The reactions they used in their studies are cyclopentadiene
with some dienophiles and are shown in the equation 2-2.
They attributed the phenomena to the "hydrophobic effect," which is a principal
contributor to many biological processes such as the self-association of amphiphiles in
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0

II

R = —CN and — C— Me

Eq. 2.2

membranes. Their study on the effects of lithium chloride (LiC1) and guanidinium
chloride (GuCI) on the reaction rate supported their hydrophobic packing explanation.
Lithium chloride, a salt known to decrease the solubility of nonpolar solutes (salting-out)
in water and therefore increasing the hydrophobic effect, was found to increase the rate of
Diels-Alder reactions. GuCl, a salt known to increase the solubility of nonpolar solutes
(salting-in) in water and thereby decreasing the hydrophobic effect, was found to decrease
the rate.

0

endo

exo

Eq. 2-3

The hydrophobic packing of the diene and dienophile for Diels-Alder reactions in
water was further supported by the increase of the endo/exo selectivity in some cases. The
endo/exo product ratio for the reaction of cyclopentadiene with butenone increased 6.5fold when the reaction was carried out in water (endo/exo =25.0) compared to neat
cyclopentadiene (endo/exo 3.85). This high endo selectivity in an aqueous solution
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resulted directly from the favored hydrophobic packing of the more compact endo
transition state compared to the exo transition state. The ratio of this reaction in water
was also affected by LiCI (increased to 28.0) and GuCl (decreased to 22.0). As further
evidence for this, they found that the Diels-Alder reaction between N-ethylmaleimide and
hydroxymethylanthracene at 45 °C, whose second-order rate constant in water is over 200
times larger than that in acetonitrile, shows the expected effects of dissolved salts
(Breslow, Maitra, and Rideout 1983).

Eq. 2-4

To further explain how the hydrophobic effects affect reaction transition states,
quantitative relationships between solubilities and rates in some Diels-Alder reaction
systems by using antihydrophobic alcohol co-solvents in water were established (Breslow
and Connors 1995; Breslow and Zhu 1995). The relationship is expressed in Equation 25, where h describes the fractional loss of solvent-accessible hydrophobic surface in the
transition state, k and /co are the reaction rate constants solubilities in mixed solvent and in
water, and S and S o are the solubilities in mixed solvent and in water, respectively.
log(ko I k) hElog(S / So )

Eq. 2-5
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Similar results were obtained by Paul Grieco and his coworkers who extended
the study with more complex starting materials in the Diels-Alder reaction. They found
that when the Diels-Alder reaction in Equation 2-6 is carried out in water, a higher
reaction rate and reversal of the selectivity are observed, compared to the same reaction in
a hydrocarbon solvent and they attributed the rate increase to the formation of micelles is
responsible for the observed rate increase (Grieco, Garner, and He 1983). Great
enhancement of the reaction rate is also observed with the Diels-Alder reactions of the
other dienophiles (Grieco, Yoshida, and Garner 1983). In their work, a water soluble
diene, sodium (E)--3,5-hexadienoate, is used.

OMe

OMe

OMe

1

Ratio 1/2 = 3:1 (in water) R = Na
1:0.85 (in benzene) R = E

2

Eq. 2-6

Grieco (1991) and his coworkers also extended their interest in applications of
this methodology to natural products synthesis. When they examined the reaction of diene
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carboxylates with substituted benzoquinones, they obtained different novel pentacyclic
compounds. Exposure of 2,6-dimethylbenzoquinone to 1.5 equiv. of a 1.0M solution of
sodium (E)-3,5-hexadienoate in water containing a catalytic amount of sodium hydroxide
gave rise to carboxylic acid (3) (Equation 2-7) (Grieco, Garner, Yoshida, and Huffman
1983).

H2 0, 25°C, 1 hr

COOH
3

Eq.

2-7

When they embarked on a total synthesis of the highly oxygenated quassinoid,
chaparrinone (4), employing a Diels-Alder approach (See Equation 2-8 and Equation 2-9)
(Grieco, Ferrino, and Vidari 1980) and adopted a modified, approach of (4+2) cycload-

HO
OH

OH

0

H

H

0

Chaparrinone
4
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OMe

Benzene
Reflux, 72h
67%
Eq. 2-8

dition (Vidari, Ferrino, and Grieco 1984), they realized that water can have a profound
effect on the Diels-Alder reaction.

OMe
CHO
+

-;

H20

L.

RT, 5h
75%
CO2Na

Eq. 2-9

OBn

Bn 0

OBn

H20
CHO
CO,Na

OH

0
Vernolepin
5

Eq. 2-10
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Two other examples, the synthesis of vernolepin (5) (Equation 2-10) (Yoshida and
Grieco 1984) and Inhoffen-Lythgoe diol (6) (Equation 2-11) (Grieco, Brandes, and
Garner 1988), further illustrate the applications of the aqueous Diels-Alder in the
synthesis of the natural products.
In these two examples of syntheses of natural products, the aqueous Diels-Alder
reactions play key steps in the syntheses. High yields are obtained in these steps. In both
cases, water-soluble dienes are used as the forms of sodium carboxylate. Reactions are
conducted in mild conditions. The reactions conducted in water provide a new strategy
for the designation of a synthetic route in the synthesis of a more complicated organic
molecule.

COO Na
-

}

methacrolein

LiA1H4

H20
55°C, 16h

THE
0°C
70% overall yield
OH

OH

Inhoffen-Lythgoe diol

6

Eq. 2-11

The aqueous Diels-Alder methodology was extended to dienes bearing other water
solubilizing groups. Two successful examples are shown in the Equation 2-12 (the
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sodium salt of (E)-2,4-pentadienylphosphonic acid) (Grieco 1991) and Equation 2-13 (the
dienyl ammonium chloride salts) (Grieco, Galatsis, and Spohn 1986).

P(0)(OH)2
0
Me0

P(OH)O-Na+ MeO

H20, 45 min
96%

Eq. 2-12

Me 0

Me0

310"

H20, 25 C, 20 h
95%

Eq. 2-13

Lubineau and Queneau (1987) examined a series of Diels-Alder reactions of
synthesized water-soluble butadienyl ethers that contain chiral gluco sided hydrophilic
moieties and found rate and stereoselectivity enhancement in comparison with similar
peracetylated dienes in organic solvents. The example is shown in Equation 2-14,
Van Royen et al reported a novel D ---> BCD —+ ABCD route to 11-keto
steroids(9) which involves a high yield stereoselective intramolecular Diels-Alder
reaction of furan-diene in water as a key step (Van Royen, Mijingheer, and De Clercq
1985) (see Equation 2-15).
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OH
H2 0, 20P C, 3.5 hr
OH

90%
OH
OH

CHO
g lu

sep.

glu
CHO

OH
CH3
CH 3

7

7/8 = 60:40

8

(pure enantiomer)

Eq. 2-14

H20
25 C, 10 min
> 95%

OH

to-

9

Eq.2-15

Another example of the aqueous Diels-Alder reaction is found as a key step in the
syntheses of (±)-gibberellin A5 (10) which is shown below (Grootaert and De Clercq
1986; Nuyttens, Appendino, and De Clercq 1991).
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'""OH
CO2H
(±)-gibberellin A5

10

Hetero-Diels-Alder reactions also proceeded in the aqueous media. Grieco and
Larsen (1985) reported that simple iminium salts, generated in situ under Mannich-like
conditions, reacted with dienes in water to achieve aza-Diels-Alder reaction products with
the potential for alkaloid synthesis (Equation 2-16).

HCHO
C6H 5 CH2NF1 7 .HC1 -----). C6H 5 CH2N + H=CH 2 C1
H20
-

H20
C6H5

Eq. 2-16

Cyclopentadiene or cyclohexadiene reacted with an aqueous solution of glyoxylic
acid to give a-hydroxy-y-lactones arising from the rearrangement of the cycloadducts
(Equation 2-17) (Lubineau, Auge, and Lubin 1991). Water as a solvent allowed direct use
of the inexpensive aqueous solution of glyoxylic acid for cycloaddition, and it also
enhanced the rate of the hetero-Diels-Alder reaction relative to the dimerization of
cyclopentadiene.
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0
■
(C)n

H,0

1-1CO2H

CO2 H
H OH

H OH
(C)n

1=1,2 (yield 83-85%)

Eq. 2-17

A new strategy based on an aqueous hetero Diels-Alder reaction with a watersoluble diene derived from D-glyceraldehyde, followed by a dihydroxylation of the newly
created double bond, was developed, to prepare intermediates on the synthesis of 3deoxy-D-manno-2-octulosonic acid (Lubineau, Auge, and Lubin 1993).

COOMe
H20
316-

Sonicated

COOMe
CI

—24 hr
>90%
Cl

Eq. 2-18

Another example of aqueous Diels-Alder chemistry is the reaction of halogenated
2-arylfurans with acetylenedicarboxylates. This reaction made available previously
inaccessible adducts which were successfully elaborated in a general stereocontrolled
route to the 2,2,5-trisubstituted tetrahydrofurans. There are compounds with broad-
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spectrum antifungal activity (Equation 2-18) (Sakseba, Girijavallabhan, Chen, Jao, Pike,
Desai, Rane, and Ganguly 1993).
Aqueous Diels-Alder reactions have had many successful applications in organic
syntheses at the preparative scale and accepted as a method of rate and selectivity
enhancement (Pindur, Lutz, and Otto 1993).

2.2 Results and Discussion
2.2.1 Methyl Vinyl Ketone System with 2,3-Dimethy-1,3-butadiene
2.2.1.1 Small Scale Experiments 1) Reaction time: Because of a very low concentration
of organic reactants used in the work of Breslow's group in their studies of the aqueous
Diels-Alder reaction of cyclopentadiene with methyl vinyl ketone, the reaction was run in
a real water solution. Since that concentration is too low to suit our purpose, we chose a
condition with an increased amounts of organic compounds so that an appreciable amount
of the organic compounds would not be water-miscible and a two-phase reaction system
would form.
The reactions were run at room temperature and stirred at 2000 rpm with a
magnetic stirrer. The mole ratio of the methyl vinyl ketone (MVK) to 2,3 dimethy1-1,3butadiene (DMBD) was set as 25:1 by mixing 50 111 of DMBD, 0.92 ml of MVK, and
using 2.5 ml of water as the reaction solvent. Yields were calculated based on the moles
of diene (the limiting reagent ).
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The reaction results are shown in Table 2-1 and illustrated in Figure 2-1 (All
figures in Chapter 2 are listed in Appendix A). From Figure 2-1 we can see that the
reaction approaches equilibrium at a yield of 65 % in about 6 hours.

Table 2-1. Reaction Yields At Different Reaction Time
Reaction Time (hour)
0
0
10.7
1
2.42
21.9
41.4
4
63.2
6
63.5
9.17
14.9
68
At room temperature and with stirring, the reaction system of suspended organic
reactants took a longer time (6 hours) to complete than we expected it to, so we decided
to increase the mole ratio of MVK to DMBD to 50 to shorten the reaction time for the
following experiments.
2) Concentration effects of organic reactants at 1 to 50 of mole ratio of diene to
dienophile: To optimize the reaction conditions, we carried out the following
experiments. In the experiments we kept the total amount of organic reactants constant
(500 DMBD and 1.85 ml MVK and the mole ratio of reactants as 1 to 50 of Diene to
Dienophile) and we altered the amount of water to change the concentrations of organic
reactants in an aqueous solution.
The results are listed in Table 2-2 and illustrated in Figure 2-2. The two curves in
Figure 2-2 were the yields in 3 hours and 6 hours. From Figure 2-2 we can observe peaks
which separate the concentration into two zones, reaction rate increasing zone - the A
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zone and decreasing zone- the B zone. There must be two competitive and adverse trends
within the reaction system with dilution, which result in the total hydrophobic
effect

Table 2-2. Three and Six Hour Yields at Different Initial Concentrations of Reactants
Water,ml
0
2.5
5.0
6.5
7.5
8.5
10
15
18
23

xi (i=MVK)
0.9805
0.1376
0.0740
0.0579
0.0506
0.0449
0.0384
0.0260
0.0217
0.0171

xi (i-DMBD)
0.01949
0.00273
0.00147
0.00115
0.00101
0.00089
0.00076
0.00052
0.00043
0.00034

3 HourYield (%)
24.3
45.9
56.7
66.4
61
57.2
55.8
50.2

6 Hour Yield (%)
22.9
56
69.3
85.9
95.1
85
81
75

increasing and hydrophobic effect decreasing. The hydrophobic effect tends to accelerate
the reaction and the effect exists in the reaction system all the time when an organic
reaction is conducted in water. An emulsion forms when a mixture of non-water-soluble
organics and water is agitated vigorously. In the A zone, the yields increase with the
decrease in organic reactants. We think the hydrophobic effect is increased with the
dilution because the interaction between water molecules and organic reactant molecules
is increased by dilution in this zone. In this A zone, because the component of organic
reactants is so high there is not enough water to form an emulsion with maximum
hydrophobic effect. As the concentration decreases further after a certain point, the total
hydrophobic effect decreases with the decrease of organic reactants and the B zone is
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formed. In this zone, the interaction between water and the organics decreases with
dilution because there is a low component of organic reactants, and dilution results in a
lesser aggregation of organics in the emulsion. Then a peak is formed by the interaction
of the two trends and the peak corresponds to 7.5 ml water with 50 1,11 DMBD and 1.85
ml MVK. We can think of this peak value as the optimum capacity of water to handle the
organics in a suspended system. This condition was chosen for most of the following
work. We also know from Figure 2-2 that the reaction was much slower when it was
conducted neat (without water).
The experimental results show that the reaction can really be accelerated by being
conducted in a water medium. In other words, water really imposes an effect which
results in a reaction rate acceleration of the Diels-Alder reaction even when the reaction is
conducted in a system in which organics are suspended in water.
3) The Effects of Mole Ratio of the Organic Reactants: a. Yield in Three Hours-In 7.5 ml
water, we fixed the amount of diene (0.6 mmole) and changed the amount of dienophile
to alter the mole ratio of diene to dienophile from 5 to 50. The results are shown in Table
2-3 and illustrated in Figure 2-3. From Figure 2-3, we can easily observe an increase of
yields in 3 hours with the increase of ratio of dienophile to diene. Because we are looking
for a practical condition under which to conduct the reaction, and the reaction rate at the
ratio of 1 to 50 of diene to dienophile is workable, we use the ratio for all of our
following experiments even though further increasing the ratios may result in a shorter
reaction time.
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The dienophile (MVK) has a much larger solubility in water than the diene
(DMBD). An increase MVK results in an increase of concentration of the MVK in the
aqueous and result in an increase of the concentration of DMBD in the aqueous phase by
a co-solvent effect similar to the role of phase transfer reagents. An increase of the
concentration in aqueous of either reactant will result in an acceleration of reaction rate.

Table 2-3. Three Hour Yields at Different Ratio of Dienophile to Diene

Ratios of Dienophile to Diene
0
5
12.5
25
50

3 Hour Yields
0
6.32
28.7
45.3
94

The increase of MVK can be a means to increase the reaction rates but it is not a
practical one for a comprehensive consideration in both economic and environmental
aspects.
b. Yields Change with Time at Different Mole Ratios of Dienophile to Diene-Several
experiments were also conducted to monitor yield change with reaction time at different
mole ratios of dienophile to diene and the results are shown in Table 2-4 and illustrated in
Figure 2-4.
The results show the higher ratio of dienophile to diene is essential for the
reaction to go to completion in a shorter period time and obtains higher yields under our
reaction conditions.
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4) Temperature Effects: Effects of temperature are always important in most chemical
reactions. So we conducted the reaction at three temperatures, 0 °C, 20 °C, and 40 °C to
see how the reaction is affected by temperature. The other reaction conditions were as
following: 7.5 ml water, 50 DMBD and 1.85 ml MVK, stirred at 2000 rpm. The results
are listed in Table 2-5 and illustrated in Figure 2-5. It is obvious that temperature has a
great effect on the reaction.

Table 2-4. Yields Change with Time at Different Ratios of Dienophile to Diene
Time (lir)
0
1
2
2.4
3
4
5
5.2
5.8
6
7.9
8.3
9.2
10.7
14.9
16.1
20.8
23.3
26.6
30.3
48

5
0

10
0

18
0

25
0
10.7

50
0
21
36.6

21.9
56.2
41.4
79
4.4
19
8.5

63.2

5.6
9.3
63.5
6.9
67.9
8.3
9

12.2
29.6
31.9
34.2
15.1
37.3

95
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Temperature affects both reaction rate and mass transfer rate from organic phase
to water phase. Usually, both rates rise with the higher temperature so that the overall
reaction rate increases.

Table 2-5. Three Hour Yields at Different Temperatures
Temperature ( °C )
2
20
38

Yields %
12.4
47
69.2

5) Effects of Stirring Rates: Under our conditions, the reaction forms a two-phase system.
Usually, two-phase reaction systems should be easily affected by the stirring rate because
the mass transfer step may be the dominant step in the total reaction rate and
more effective stirring can increase the mass transfer rate. We conducted a series of
kinetic experiments to study this effect. In these experiments, the reaction was treated as a
pseudo-first order reaction of diene because the dienophile is in large excess over the
diene.

Table 2-6. Pseudo-First Order Reaction Curve at Different Stirring Rates
Time, min
0
30
32
60
70
85
90
131

100 •m
0

500 •m
0

0.11045
0.17786

0.14776
0.22270

0.26938

0.356145

1000 •
0

1500 rpm
0

2000 •
0

0.1371
0.1722

0.1390
0.1354

0.1317
0.1842

0.1750

0.213882

0.1932

2500 • m
0
0.1280

0.2048
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The experimental results are shown in Table 2-6 and Table 2-7 and illustrated in
Figure 2-6.

•

An overall reaction rate can be limited by the mass transfer rate if the reaction rate
is much larger than the mass transfer rate. The reaction is called a mass transfer
controlled reaction when this situation happens. Sometimes, the overall reaction rate is
limited by the reaction rate because the mass transfer rate is much larger than the reaction
rate. In this situation the reaction is called a kinetic controlled reaction. When the rates of
mass transfer and reaction rate are in the same range, the reaction is called a mixed
controlled reaction. The control steps may be changed with the reaction conditions for the
same reaction.
From the results, we know that stirring rates have a significant effect on the
reaction only at the lower stirring rates studied and the reaction rate constants become
almost constant at higher stirring rates. This means the mass transfer in the reaction
system achieves a steady state at higher stirring rates and the reaction becomes kinetically
controlled. In other words, the mass transfer rate is much larger than the reaction rate so
that the reactants consumed in the water phase in the reaction can be easily made up by
the mass transfer from the organic phase to the water phase. We think the reaction rate
may not be increased by increasing the mass transfer rate between the organic and water
phase under these reaction conditions.
6) Salt Effects: In Breslow's work, (Rideout and Breslow 1980) the reaction was further
accelerated when the reaction was conducted in a 4.85 M LiC1 solution because the
hydrophobicity of this kind of aqueous solution is further increased by dissolving LiC1 in
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the solution. Our results showed that the reaction was slowed down by addition of the
LiC1 to the reaction solution. The results are shown in Table 2-8 and illustrated in Figure
2-7. The difference between our results and Breslow's work can be explained by the
difference between Breslow's reaction system and ours. Because Breslow's results were
obtained by conducting the reaction in very low concentrations so as to form a real water
solution, the reaction is accelerated by increasing the hydrophobicity of the reaction
solution. But in our reaction system, a two-phase reaction system, salting out effects may

Table 2-7. Pseudo-First Order Reaction Constants at Different Stirring Rates
Stirring Rate ( rpm)
100
500
1000
1500
2000
2500

Pseudo First Order Reaction Constants
1.985
2.592
2.349
2.5
2.566
2.475

Table 2-8. Kinetic Results of Salt Effects
Reaction Time ( min
0
30
60
90
120

ln(Co/Ct in Water

ln(Co/Ct) in 4M LiC1 Solution

0.093
0.194
0.236
0.356

0.063
0.125
0.188
0.25

play an important role in the reaction. Mass transfer is hindered when the reaction is
conducted in a LiC1 solution. Because we think the reaction mainly occurred in the
aqueous phase phase, the acceleration resulting from the increase of hydrophobicity of the
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LiC1 solution was offset by the decrease of mass transfer from the organic phase to the
aqueous. The hydrophobic effect can exert a large effeCt on the organic reactants in the
aqueous system only when the organic reactants dissolve in water. So the hydrophobic
salt solution can not be used as a method of increasing the reaction rate in our two-phase
system reaction condition.
7) Concentration Effect of Reactants at 1 to 1 mole Ratio of Reactants: When we tried to
scale up our reaction system, we thought the 1 to 50 mole ratio of diene to dienophile
obviously was not practical and could not be used in a large scale experiment.
Undoubtedly, it would be better if we could conduct the reaction at a 1 to 1 mole ratio.
When the reaction was carried out at lower mole ratios of dienophile to diene, the
reaction was slow and a lower yield was obtained. We tried using a 1 to 1 mole ratio of
organic reactants and a high ratio of organic to water and found we obtained a very low
reaction rate and a low yield in several days at room temperature. Based on the
information we obtained from previous experiments, it was found that the only parameter
which can increase the yield is temperature. So, we decided to run the scaled up reaction
using a 1 to 1 mole ratio of reactants at 50 °C.
We kept the amount of dienophile unchanged from the former experiment and
increased the amount of diene to the same moles as dienophile to make a 1 to 1 mole
ratio. We altered the amount of water and compared the yields at 4 hour reaction times to
look for the concentration effect. The results are listed in Table 2-9 and illustrated in
Figure 2-8. We can still find a peak there. The reaction is slower than that in the reaction
with a 1 to 50 mole ratio and at room temperature. But because we used a much higher
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amount of diene, it is worthwhile to accept the slow-down in reaction rate. Much higher
amounts of reactants were treated in a similar total volume of reaction solution. The peak
can be explained in the same way as the 1 to 50 mole ratio experimental results, namely
the result of competition between the two trends: increase of hydrophobic effect with
dilution in higher ratios of organics to water and decrease of hydrophobic effect with
dilution in lower ratios of organics to water.

Table 2-9. Four Hour Yield of the Reaction of Equal Mole Reactants at 50 °C
Concentration
0
5
7
10
15

Yields
33
38
42.9
39.3
29.8

8) The Effect of Ratios of Reactants with Fixed Total Moles in Fixed Amount of Water:
When we conducted the reaction in a fixed amount of water and total moles of reactants

Table 2-10. Yields at Different Mole Fractions
xi (i=Diene)
Yieldsa
0.2
78
65.1
0.4
31.6
0.5
59.6
0.6
32.6
0.8
1.0
0
a: based on limiting reagent
b: based on total mole of reactants

Yieldsb
15.6
26
15.8
23.8
6.5
0
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and altered the mole ratios of reactants, we found the reaction favored extra dienophile.
The results are shown in the Table 2-10 and illustrated in Figure 2-9.
From the curve based on the total mole of reactants in Figure 9, we can see that
higher yields were obtained in the excess dienophile range, similar yields were obtained
around the same moles of diene and dienophile, and lower yields were obtained in excess
diene.
The water solubility of MVK is much larger than that of DMBD and the
concentration of MVK in the experiment is near its saturated solubility. The higher
concentration of MVK can act as a co-solvent to help the mass transfer of DMBD from
the organic phase to the water phase to increase the concentration of the DMBD in water.
If a higher amount of almost insoluble DMBD is used, the organic reactants tend to stay
in the organic phase. They lower the concentration of DMBD in the water phase because
there is a larger organic phase at this condition and the DMBD partition in the organic
phase is higher.

2.2.1.2 One Liter Scale To 1 liter water, various amounts of organic reactants were

added and the reaction solution was stirred with a mechanical stirrer. The mole ratio of
organic reactants was kept as 1.
1) Reaction Time: We scaled up the reaction to 1 liter scale using the optimized
concentration we obtained from small scale experiments. The results are shown in Table
2-11 and illustrated in Figure 2-10. A 70% yield was obtained in 7 hours. The reaction
was conducted at 50 °C and stirred at 550 rpm with a mechanical stirrer.
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2) Concentration Effects: When we treated the data, we found the reaction can still be
depicted as a first order reaction. We optimized the reaction conditions by comparing the
first order reaction rate constants at a variety of conditions.

Table 2-11. Yields at Different Reaction Times on One Liter Scale
Reaction Time ( hour )
0
1
2
3
4
5
7

Yields
0
11.8
30.7
44.2
57.8
66.6
70.5

The results of different initial organic reactants are listed in Table 12 and
illustrated in Figure 11. We can see that the reaction rate constants increase with the
increase in the amount of organic reactants in 1 liter water below the optimum
concentration obtained from the small scale experiment. The results are the same as the
our expectations and consistent with the small scale experimental results.

Table 2-12 Results of Kinetic Studies of One Liter Scale Experiments

Time
_ hr 25 m
0
0
0.25
0.0243
0.5
0.0457
1
0.0688
1.5
0.1086
2
0.127
2.5
0.152
3
,

0
0.0145
0.0306
0.0575
0.0930
0.124

ln(Co/Ct)
75 ml
100 m
0
0
0.0309
0.0702
0.0999
0.120
0.162
0.202

300 m
0

0.079

0.125

0.132

0.3669

0.183

0.583
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Table 2-12 (Continued)
3.5
0.173
4
0.225
4.5
0.319
5

0.247
0.266
0.295

0.863
1.097

0.33

Table 2-13 Experimental Results of Kinetic Studies at Three Different Temperatures
_..._

Time, hour
0
0.25
0.5
1
1.5
2
3
4
5
6

ln(Co/Ct) at 0 °C
0

ln(Co/Ct) at 25 °C
0

0.003421

0.01154

0.004233

0.02252
0.0289
0.03833
0.046252

0.006347
0.007337

ln(Co/Ct) at 50 °C
0
0.01452
0.03063
0.05747
0.09301
0.1239

3) Temperature Effects: Three temperatures are studied and the results are listed in Table
2-13 and Table 2-14 and illustrated in Figure 2-12 and Figure 2-13. The activation energy
is calculated as 137.4 kJ/mole.

Table 2-14 Calculated Results of Kinetic Studies
Temperature, °C ._ 1/T, 1/K _
0.003663
0
0.003356
25
0.003096
50

_ ___ Rate Constant(k)
6.001041
0.009598
0.06132

ln(k)
-6.87
-4.65
-2.79
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2.2.2 Cyclopentadiene with Methyl Vinyl Ketone Reaction System
The reaction of cyclopentadiene (CPD) with MVK was chosen as another model reaction
in our studies of aqueous Diels-Alder reaction at room temperature. The reaction is
exothermic.
2.2.2.1 Small Scale Experiments During experiments on this scale, changed amounts of
same mole ratio of organic reactants were suspended in 25 ml water and the reactor was
kept in a room temperature water bath.
1) Concentration Effects: In a fixed amount of water and with a mole ratio of reactants of

Table 2-15. Reaction Yields at Different Times and Initial Concentration of Reactants
Time, min 0.0296
0
0
5
55.8
10
64.6
15
78.2
82.8
20
90.2
30
95.4
40
97.1
50
98
60
75
98.3
98.4
90
98.7
120

0.0552
0
48.3
57.2
63.4
69.3
77.3
83
87.4
90.2
92.9
94.3
95.9

0.0774
0
50.6
51.8
56
61.3
72.9
79.3
86.2
85.5
88
92.1
93.8

0.0970
0
40.4
47.4
55.8
62.6
69.7
76.8
81.8
84.4
89.8
91.1
96.6

0.114
0
46.2
53.4
57
64
71.3
77.4
78.5
85.5
87.8
87.4
91.9

0.130
0
41.4
46.8
55.3
61
67.7
74.4
78.6
81.2
84
87.2
88.3

0.178
0
50.7
55.2
61.6
63.8
71.1
74.7
76.1
78.3
79.5
82.1
84.5

0.218
0
57.1
59.3
61.1
63.3
67.3
72.6
75.4
77.4
78.8
80.9
82.4

0.246
0
51.2
54.1
59.2
61.3
65.9
70.5
74.6
75.5
79
78.6
81.6

0.267
0
54.3
59.2
63.8
67.1
72.4
75.1
77.3
79.6
78.9
80.8
83.1

1 to 1, we altered the total moles of organic reactants to look at their effects on the
reaction. Because the reaction is an exothermic one, we conducted the reaction in a 20 °C
water bath to keep a constant reaction temperature.
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The results are listed in Table 2-15 and illustrated in Figure 2-14. From Figure 214, we can see higher concentrations of organic reactants lower yields. This can be

C113

C H3

exo-

exhibited more clearly by Figure 2-15. The other parameter which is affected by
concentration is the ratios of endo to exo products.
The results are shown in Table 2-16 and Figure 2-16.
In the Diels-Alder reaction of cyclopentadiene with MVK, the addition goes in
two directions of the addition. When the dienophile accesses the diene in the formation of
the transition states, one state is a more compact transition state which results in the
formation of the endo product. The other state with a larger surface area results in the
formation of the exo product. The endo product has a larger intramolecular strain and the
exo product has a smaller intramolecular strain. The endo product is the kinetically
favorite and the exo product is the thermodynamically favored. If the reaction is
conducted in an organic solvent, the ratio of endo to exo is around 4. If the reaction is
conducted in water, the transition state with less surface area is much more preferred
because organics in water have a tendency to reduce their contact area with water, which
also is known as the hydroTable 2-16. Endo/Exo of Products at Different Initial Concentrations of Reactants
xi (i=cyclopentadiene)
0.00036*
0.01716

Ratios of Endo-/Exo- Products
50
20

"

/
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listed in Table 2-17 and illustrated in Figure 2-17. The results show the stirring rate has
very little effect on the reaction.
In this reaction system, the reaction can occur in both phases with similar reaction
rates so that the stirring rates have a small effect on the reaction because the mass transfer
from organic phase to water phase is not necessary.
3) Temperature Effects: Like most reactions, the reaction was accelerated by an increase
of temperature. The results are listed in Table 2-18 and illustrated in Figure 2-18.

6olvent zitects: 10 compare me reaction oenaviors in anterent solvents, two organic
solvents were chosen; methanol to represent polar organic solvents and the ether to
represent nonpolar ones.
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The results show that the reaction favors a polar solvent (such as the methanol and
water) and reaches an equilibrium with lower yield in the non-polar solvent (such as the
ether). The results are listed in Table 2-19 and illustrated in Figure 2-19.

2.2.2.2 One Liter Scale Experiment When we tried to scale up the cyclopentadiene
/MVK system, we met some new situations. First, the reaction was exothermic, which
posed problems in controlling a large system. Second, the reaction can occur in both the
organic phase and aqueous phase with similar reaction rates. As a result, no optimum
concentration was observed. To simplify the operation conditions and to avoid large
temperature increases, we chose continuously adding the cyclopentadiene to the reactor.
Only the reaction yield was monitored as the parameter to evaluate the reaction. The
addition rate is controlled to prevent the temperature beyond 30 °C. The yield we
obtained is 71.3% and the ratio of endo/exo product is 10.8. The ratio is the same with
small scale which has the same ratio of organic to water.
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2.2.2.3 Ten Liter Scale Experiments 1) High Ratio of Organic Reactants to Water: In
this experiment, the volume ratio of total volume of organic reactants to water is 1 to 2.
The cyclopentadiene was added by a dropping funnel with a rate that would not generate
too much heat. The highest increase of temperature is less than 3°C. After the addition of
cyclopentadiene, the reaction system was stirred for another two hours to make sure there
was enough time to complete the reaction. The reaction produced 67 % yield with a 5.86
ratio of endo/exo products.
2) Low Ratio of Organic Reactants to Water: In this experiment, the volume ratio of total
volume of organic reactants to water is around 1 to 30. The experiment was designed to
monitor the concentration of reactant changing with time because we think that the
temperature of reaction in this condition will be easily controlled with the help of the
water bath. All the cyclopentadiene was added at one time. The temperature increased
around 4 °C. But, because the stirrer was not strong enough, the reaction system could not
agitate to form an emulsion. The monitoring is a failure. The reaction was run for two
hours and produced 81 % yield with a ratio 4.9 of endo/exo products.

2.3 Experimental
2.3.1 General
GC: A HP 5890 Gas Chromatography instrument was used for GC analysis. GC analyses
were performed on a 2mx1/8in. Tenax packed column from Supelco Inc. and a Flame
ionization detector using external standards and response factor calibrations.
HPLC:Waters 600 series Liquid Chromatography instrument with a PDA detector was
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used for analyses. External standards and a response factor calibrations method were used
in the analysis.
Magnetic stirrer for small scale experiment: Controlled magnetic stirring speed
experiments were conducted with a VWR Scientific 400 HPS instrument that allowed
precise control from 0 to 2500 rpm
Mechanical stirrer for larger scale experiment.
Products were identified by GC, GC-FTIR, GC-MS and some typical spectra are
attached in the Appendix C.

2.3.2 Reagents and Solvents
Methyl vinyl ketone was purified by vacuum distillation; commercial 2,3-dimethyl-1,3butadiene was used without purification; cyclopentadiene was cracked from its dimer
immediately before use, and distilled water was used in all experiments in which water
was used as the solvent.

2.3.3 Small Scale Experiments
2.3.3.1 Diels-Alder Reaction of 2,3-Dimethyl-1,3-Butadiene with Methyl Vinyl
Ketone with a Lower Concentration of Diene 1) General methods: 50412,3-dimethyl1,3-butadiene and excess amount of methyl vinyl ketone (usually 1/50 times of mole ratio
of Diene to Dienophile) were mixed in a 15 ml round bottom flask reactor containing 7.5
ml water at room temperature. The reaction mixture was stirred with a magnetic stirrer.
The methyl vinyl ketone is added first, then the 2,3-dimethyl-1,3-butadiene is added
rapidly. At the desired time the reaction is stopped with the addition of ether to extract the
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reactants and products. The reaction solution is extracted three times and the extracts are
combined in a 25 ml volumetric flask and diluted to the mark. The ether solution is
analyzed immediately with a GC/FID. The product increase is monitored.
2) Concentration Effects: 501_11 2,3-dimethyl-1,3-butadiene and 1.85 ml methyl vinyl
ketone (50 times 2,3-dimethyl-1,3-butadiene) were used and the volume of water was
changed from 0 to 23 ml. The reaction system was stirred at 2000 rpm at room
temperature. At 3 hours and 6 hours, the reaction solutions were extracted with ether
three times. The extracts were quantitatively diluted to 25 ml. The resultant ether
solutions were analyzed quantitatively by GC/FID. The yields at 3 hours and 6 hours were
calculated and compared to help find the optimal concentration.
3) Temperature Effects: 54t1 (0.6 mmole) 2,3-dimethyl-1,3-butadiene and 1.85 ml (30
mmole) methyl vinyl ketone (50 times mole of 2,3-dimethyl-1,3-butadiene) were mixed
in 7.5 ml water. The reaction solutions were stirred at 2, 20, and 38 °C at 2000 rpm. After
three hours, the reaction solutions were extracted with ether three times and the extracts
were quantitatively diluted to 25 ml. The resultant solutions were analyzed quantitatively
by GC. The yields were calculated and compared to find the temperature effect.
4) Salt effects: The same procedure as the general procedure except an aqueous 4 M LiC1
solution was used as the reaction media.

2.3.3.2 Diels-Alder Reaction of 2,3-Dimethyl-1,3-Butadiene with Methyl Vinyl
Ketone with a Higher Concentration of Diene 1) General Procedure: In a 15 ml round
bottom flask, 7.5 ml water and 1.85 ml methyl vinyl ketone were added. The solutions
were heated with a thermostat water bath to 50 °C and stirred at 2000 rpm. After the
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temperature of the solution reached 50 °C, 2.6 ml 2,3-dimethyl-1,3-butadiene was added
rapidly. At the desired time, the reactions were stopped by extracting the reactants and
products from the reaction solution with ether (three times). The extracts were
quantitatively diluted to suitable concentrations and analyzed quantitatively by GC.
2) Concentration Effects: The General procedure was used except the amount of water
was changed from 0 to 15 ml. The three hour yields were compared to find the effect.
3) Effects of mole ratios of organic reactants in a fixed volume of water: The general
procedure was used except the total moles of reactants were fixed and the mole ratios of
diene to dienophile were changed from 0 to 1. Three hour yields were compared to find
the effects.

2.3.3.3 Diels-Alder Reaction of Cyclopentadiene with Methyl Vinyl Ketone 1)
General Procedure: In a 100 ml round bottom flask which was put in a room temperature
water bath, 25 ml water and Methyl vinyl ketone were added and the solution was stirred
at 1500 rpm with a magnetic stirrer. Fresh distilled cyclopentadiene was added rapidly to
above solution. At the desired time, a 0.200 ml sample was taken from the reaction
solution and diluted to 10 ml with methanol. The sample was analyzed immediately by
delivering the sample to a PDA detector directly with a liquid pump system. The
disappearance of the absorbance of cyclopentadiene at 255 nm and 265 nm was followed.
In all of the experiments, the mole ratio of diene to dienophile was kept at 1 to 1.
2) Concentration effects: General procedure was employed. The total volume of organic
reactants was changed from 2 ml to 50 ml.
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3) Effect of Stirring Rates: The general procedure was employed. A total of 8 ml of
organic reactants was used. The reaction system was stirred with a magnetic stirrer and
stirring rates were changed from 1000 rpm to 2000 rpm.
4) Temperature Effects: The general procedure was employed. A total of 8 ml of organic
reactants was used. The reaction systems were put in water at different temperatures.
5) Solvents Effects: The general procedure was employed. A total of 8 ml of organic
reactants was used. The solvent was either 25 ml ether or methanol.

2.3.4 One Liter Scale Experiments
2.3.4.1 Diels-Alder Reaction of 2,3-Dimethy1-1,3-butadiene with Methyl vinyl Ketone
1) General Procedure: A two-liter four necked round bottom flask was placed in a
thermostat equipped with a mechanical stirrer, a thermocouple, and a condenser. In the
reactor, 1 liter of water and methyl vinyl ketone were added and heated with the
thermostat set at 50 °C with stirring at around 600 rpm. Then, 2,3-dimethyl-1,3-butadiene
was added rapidly. 0.5 ml samples were taken at different times, put in a vial and 2 ml
ether was added to the vial. After shaking, the upper layer ether was analyzed
quantitatively by GC/FID. In all the experiments, the mole ratio of diene to dienophile
was 1 to 1.
2) Concentration Effects: The general procedure was employed. In the experiments, the
volume of water was fixed at 1 liter and the amount of reactants were changed from 25 to
332 ml for the 2,3-dimethyl-1,3-butadiene and from 18 to 246 ml for methyl vinyl ketone.
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3) Temperature Effects: The general procedure was employed. In the experiments, 50 ml
2,3-dimethy1-1,3-butadiene and 36 ml methyl vinyl ketone were used and the temperature
was changed from 0 to 50 °C.

2.3.4.2 Diels-Alder Reaction of Cyclopentadiene with Methyl Vinyl Ketone In a four
neck round bottom flask which was put in a room temperature water bath, 1 liter water
and 160 ml methyl vinyl ketone were added with stirring at around 600 rpm. Then, 160
ml 2,3-dimethy1-1,3-butadiene was added carefully and the temperature was maintained
under 30 °C by adjusting the adding rate of 2,3-dimeth.y1-1,3-butadiene. After completion
of addition, the reaction solution was stirred for another two hours. Solid NaC1 was added
to saturate the water phase and the reaction solution was transferred to a reparatory
funnel. The organic phase was obtained as crude product.

2.3.5 Diels-Alder Reaction of Cyclopentadiene with Methyl Vinyl Ketone (Ten Liter
Scale)
Procedure 1( for the higher ratio of organics to water): A 12 liter three neck round bottom
flask which was fixed in a water bath equipped with a mechanical stirrer, a thermocouple,
and a condenser was used as a reactor. In the reactor, water and methyl vinyl ketone were
added first with stirring at 4000 rpm. Then, 2,3-dimethy1-1,3-butadiene was add at an
average rate of 500 to 700 ml/hour. During the addition, the temperature was controlled
carefully so as not to allow a temperature increase of more than 3 °C. The reaction
solution was stirred two more hours after completion of the addition. Sodium chloride
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was added to help phase separation. The raw product, containing the organic phase, was
separated out with separatory funnel from the reaction solution.
Procedure 2 (for the lower ratio of organics to water): In the above reactor, 10
liter water and 160 ml methyl vinyl ketone were mixed with stirring at 6000 rpm. Then,
160 ml 2,3-dimethy1-1,3-butadiene was added quickly as one batch to the reactor. The
temperature increased a few degrees. Samples were taken at different times and analyzed
with a PDA (Photodiode Array) detector as in the small scale. The reaction was stopped
at two hours. The water phase was saturated with sodium chloride in order to salt out the
organics.. The organic phase was separated with a separatory funnel as the raw product.

CHAPTER 3
EPDXIDATION OF ALKENES WITH AQUEOUS OXONE SOLUTION
WITHOUT ORGANIC SOLVENTS

3.1 Introduction
The direct epoxidation reactions have been an attractive research field of both academic
and industrial interests. Because the products of epoxidation reactions, the epoxides, are
very important organic intermediates that can be converted to a variety of products, the
epoxidation reactions are very important in organic synthesis. The epoxidation reaction
can be illustrated as Equation 3-1.
0

[0]

/

C= C/

—

C

\

—

C

Eq. 3-1
This reaction has another attractive character that is important in the asymmetric
synthesis. That is, in the asymmetric case two chiral centers are formed in one step.
Initial Synthetic Sequence

CH3

OH

Qiit
Jacobsen
catalyst

CH3cN

Epoxidation

FI2SO4

H20

Eq. 3-2
Here I would like to introduce two examples to show the attractive characteristics
and importance of the reaction in organic synthesis and in the pharmaceutical industry.
The first example is the synthesis of a new drug (11) to treat AIDS developed by Merck
Co. in the sequence shown in Equation 3-2 (Stinson 1994):
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Structure of Merck's AIDS Drug

OH
'

CONED' .....
60I\IFIC(CH3 )3

11
The second example is a practical, highly enantioselective synthesis of the Taxol
side chain via asymmetric catalytic epoxidation (Deng and Jacobsen 1992). Taxol (12) is
Jacobsen Catalyst

H

t Bu
-

mg

......H

=N\ / N=_Mn
A \
0 Cl 0—

t Bu
-

TAXOL STRUCTURE
0
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a natural product which has tumor-inhibiting activity. In this example, the side chain
mentioned above was synthesized with a key step of asymmetric epoxidation catalyzed by
a chiral(salen)Mn(III) complex (13), which is now called Jacobsen catalyst. The
structures of Taxol, Jacobsen catalyst, and synthetic sequence of the side chain are shown
as follows in Equation 3-3:

inorganic oxidants, such as peracid, t-butyl peroxide, iodosylbenzene, 02, hydroperoxide,
peroxymonosulfate, etc. Although the reactions can be carried out without catalysts, in
most cases the reactions are conducted with catalysts which include various transition
metals and metal complexes such as metalloporphyrins.
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The most famous example of epoxidations may be the epoxidation of ethylene
with oxygen catalyzed by heated silver gauze. This reaction can be found in almost every
organic textbook and is still employed in the production of epoxide in industry. But the
reaction is mainly restricted to the selective oxidation of ethylene to ethylene oxide.
Usually the epoxidation of alkenes other than ethylene results in low epoxide yields
(Sachtler, Backx, and van Santen 1981).
Epoxidation by peracids has been known for almost 80 years and has found great
use in organic synthesis (Swern 1972; Metelitsa 1972). The use of transition-metal
complexes as catalysts for epoxidation has attracted more attention for the last two
decades. Many different systems are currently available that utilize the transition-metal
complexes as catalysts. These systems utilize a variety of oxygen sources for the
epoxidation reaction. Since many papers have been published in this area, I would like to
summarize the field by introducing some examples of the variety of reaction systems.
That titanium(IV) alkoxides catalyze the reaction of alkenes with alkyl peroxides
in high yield and with high selectivity has been known for about 20 years (Sheldon 1981;
Sheldon and Kochi 1981). Titanium(IV) catalysts are characterized as being Lewis acids
in their highest oxidation state -d°. The epoxidation reaction is relatively slow and
byproducts formed by the addition of tert-butyl peroxide radicals to the substrates are
often observed (Sheldon and van Doom 1973). These problems have been overcome by
the development of the heterogeneous titanium(IV)-silicon dioxide catalyst. It has been
claimed that propylene is oxidized to propylene oxide in 93-94% yield at 96% ethyl
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hydroperoxide conversion (Waffimena and Wulff 1971). The structure of the active site
of the titanium-silicon catalyst has been suggested to be the following (Sheldon 1980).
/
Si—

/

0 Ti=0
Si-0

Much of the paralleled work has been done in the field of zirconium(IV)hafnium(IV)-catalyzed epoxidation parallel to the work done with titanium(IV). When
tert-butyl hydroperoxide is used as the oxygen donor, the general trend is that lower
yields of the epoxides are obtained. Zirconium(IV) alkoxides catalyze the epoxidation of
cyclohexene with tert-butyl hydroperoxide, but the yield of cyclohexene oxide is < 10%
(Sheldon and van Doom 1973).
Vanadium pentaoxide was one of the first transition-metal complexes used to
promote catalytic epoxidation with tert-butyl hydroperoxide. Vanadium(V) has been
found to be a relatively poor catalyst for alkene epoxidation. But it is a very efficient
catalyst for allylic epoxidations with tert-butyl hydroperoxide as oxidant (Sharpless and
Verhoeven 1979). The vanadium-catalyzed epoxidation of allylic alcohols has often been
utilized in complex synthetic sequences (Sheldon and Kochi 1981). An example is given
in Equation 3-4. The Vanadium catalyzed epoxidation of allylic alcohols favors the
formation of the erythro-epoxy alcohols, product B.
R1

OH
V-catalyst
/ .Me
R2
t-Bu0011
H
R2

0

OH

;;

R3

OH

R3

Me

R2
R3

A

B

Eq. 3-4
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Both Nb(V) and Ta(V) alkoxides are also known as catalysts that promote the
epoxidation of cyclohexene with tert-butyl hydroperoxide, but the reaction rate is very
low and the yield of epoxide is relatively low. The (tert-butylperoxo)cyclohexene is the
major product (Sheldon and van Doom 1973).
Chromium complexes such as Cr(acac) 3 are relatively poor catalysts for the
epoxidation of cyclohexene with tert-butyl hydroperoxide. Several chromyl complexes
are able to epoxidize alkenes, but the generated epoxides are often intermediates from
which ketones, aldehydes, glycerols, etc. are formed.
Molybdenum(VI) complexes are probably the best catalysts for epoxidation with
alkyl hydroperoxides as oxidants. A vast literature is available about molybdenumcatalyzed epoxidations (Sheldon 1981; Sheldon and Kochi 1981). For example, propylene
oxide is produced commercially from propylene oxidized and tert-butyl hydroperoxide
(Equation 3-5) or 1-phenylethyl hydroperoxide (Equation 3-6) with molybdenum
compound catalysts.
Mo(VI)
CI-13 — CH= CH 2

+ t-B u 00H

CH3
CH 3 — CH= CH2 + Ph CHOOH

Mo(VI)

0
/ \
CH3 — CH— CH2

0
\
CH3 — CH— CH,

t-BuOH

Eq. 3-5
CH3
Ph — CHOH

Eq. 3-6

Although metallic molybdenum can be used as an epoxidation catalyst, the
molybdenum compounds used as epoxidation catalysts are usually in the form of
complexes such as [C5H5N + (CH2)15CH3]3[PMo7024.4H20] 3- , Mo(CO)6, Mo(acac) 2 , and
[Mo0(02CR)6(H20)3r. The catalytic properties of molybdenum complexes are to a
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certain extent dependent on the ligands attached to molybdenum (Sheldon 1980). It has
been observed that higher epoxidation rate can be archived by using relatively stable
complexes of molybdenum, for example, Mo02(oxidant)2 (Fusi, Ugo, and Zanderighi
1974).
Molybdenum compounds can catalyze a variety of epoxidation of alkenes from
the simplest, ethylene, to large molecules. There is a very good example of epoxidation of
larger molecules in which a method of template-directed molybdenum-catalyzed remote
epoxidation of double bonds was employed to realize the site-selectivity (Breslow and
Maresca 1977 and 1978). Without the template, the nearby double bond is epoxidized by
the same catalytic system. The reaction equations are shown in Equation 3-7 and 3-8.

t-BuOOH
Mo(VI)

Eq. 3-7

ISO
HO /

t-BuOOH
M o(VI)
HO.

Eq. 3-8
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The template, usually a rigid structure, is used to increase the regioselectivity. In
Equation 3-7, the template is the structure with the benzyl group. In this structure, the
carboxylate group is applied to connect to the substrate and the hydroxyl group serves as
the precursor of the oxidant which will form on site. The templated oxidant formed on
site can only oxidize in the limited position where it can be in contact with the substrate
because one end of the template is fixed in a certain position of the substrate.
Tungsten(VI) complexes are considered the best transition metal catalysts for
epoxidation reactions of alkenes with hydrogen peroxide, but the usage of this system is
less than that of the transition metal-alkyl hydroperoxide systems (Sheldon and Kochi
1981; Metelitza 1972). It is believed that when hydrogen peroxide is used as an oxidant,
the presence of water or a polar solvent can retard the reaction. Also, when water is
present in the system, the formed epoxides may hydrolyze to the corresponding glycols. If
water is removed from the system, high yields of epoxides are obtained (Sheldon and
Kochi 1981; Sheldon 1980). The oxidation system formed with W04 2 " and H202 is
employed for the production of epichlorohydrin on an industrial scale (Sheldon 1980).
The pertungstate-hydrogen peroxide system can epoxidate a variety of alkenes such as
isolated double bonds (Venturello, Alneri, and Ricci 1983), allylic and homoallylic
alcohols (Stevens and Kaman 1965), and a,[3-unsaturated acids (Kirschenbaum and
Sharpless 1985).
Iron also exhibits catalytic capability for the epoxidation. Fe(acac)3 with hydrogen
peroxide as the oxygen donor catalyzes the epoxidation of alkenes. The major product is a
trans-epoxide even though the cis-alkene is used as a substrate (Yamamoto and Kimura
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1977). However, the major products of the iron(III) chloride catalyzed epoxidation of cisalkenes are correspond to cis-epoxides (Sugimato and Sawyer 1985). The iodosylbezene
can be used as the oxygen donor in the iron catalyzed epoxidation system. But the result
is different in some aspects from the system with hydrogen peroxide as the oxygen donor.
The major products of the Fe(acac) 3 catalyzed epoxidation are cis-epoxides when
corresponding cis-alkene substrates are used (Fontecave and Mansuy 1984). However,
predominantly trans-epoxides are obtained when the reaction is catalyzed with iron (III)
chloride. Some iron compounds can catalyze the epoxidation with molecular oxygen as
the oxygen donor. For example, the (p3-oxo)triiron cluster complexes [Fe30(000R)6L3] +
can catalyze the epoxidation of geranyl acetate with molecular oxygen to produce 6,7epoxygeranyl acetate and no isomeric 2,3-epoxide is formed at the same time (Ito, Inoue,
and Matsumoto 1982). The reaction is shown in Equation 3-9.

02

OAc

OAc Catalyst
OAc
Catalyst= Fe 3 0(piv)6 (Me0H)3 r1

Eq. 3-9
Co(II) bis(salicylamide) complexes are able to catalyze the epoxidation of alkenes
by two different pathways (Koola and Kichi 1987). When the tert-butyl hydroperoxide is
used as the oxidant, a radical chain mechanism is proposed. The reaction is effectively
inhibited by ionol. The reaction equation is outlined in Equation 3-10. When
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iodosylbenzene is used as the oxidant, a two-electron oxidation process is undergone by
forming an oxocobalt(IV) species that can epoxidize a variety of alkenes.

t-BuOOH

catalyst

t-Bu00•

t-Bu00• +
t BuOO
-

t-BuO•
t-BuOOH

N?

catalyst =
0

/N

Co(II)
/ \

0

Eq. 3-10

'There is a special class of metal complexes which can catalyze epoxidation of
alkenes. They are the metalloporphyrins. The metalloporphyrin-catalyzed oxidation is
important in biological systems and has the potential to be of interest as industrial
catalysts. The biomimetic porphyrin epoxidation has attracted considerable attention to
these reactions (Meunier 1992). Metalloporphyrins can utilize a variety of oxygen donors
in the epoxidation of alkenes. The most widely used oxygen donor is iodosylbenzene and
the most studied catalyst of this kind is iron porphyries. Examples cited by Groves and
Nemo (1983) are listed in Table 3-1.
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* * TTP = meso-tetratolylporphyrin
The Ph10 epoxidation of alkenes catalyzed by Fe(TPP)C1 is stereospecific, cisolefins producing only cis-epoxides (Groves, Nemo, and Myers 1979; Groves and Nemo
1983). It is believed a high-valent ferryl species Fe v =0 forms as the reactive entity in the
epoxidation process. The reaction yields can be further increased by replacing meso
phenyl groups with pentafluorinated phenyls (Groves and Myers 1983). Besides PhIO,
hydrogen peroxide, tert-butyl peroxide, and other oxidants also can be used as oxygen
donors in the metallo-catalyzed epoxidation reactions (Traylor, Tsuchiya, Byun, and Kim
1993). In Equation 3-11, some examples are given to show these reactions.

Manganese porphyrin complexes are other efficient catalysts of olefin
epoxidations with iodosylbezene (Groves, Kruper, and Haushalter 1980). A high-valent

v= is involved in the catalytic process. Unlike the iron
manganese species (MnO)
porphyrin complexes, the epoxidation reactions catalyzed by the manganese porphyrin
complexes have less stereoselectivity. The major product of cis-stilbene epoxidation
catalyzed by the manganese complexes is trans-epoxide (Groves, Kruper, and Haushalter
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1980). Manganese porphyrin complexes can utilize different oxygen atom sources such as
Na0C1, 02, KHSO5, etc. (Castellino and Bruice 1988). NaOCI is among the cheaper and
convenient oxygen sources. Because usually the NaOCI exists as an aqueous solution, and
the catalyst and the catalytic oxygen-transfer reaction occurs in the organic phase, the
phase transfer agent is helpful for the reaction (Meunier, Guilmet, De Carvalho, and
Poilblanc 1984). The reaction is shown in the Equation 3-12.
Ph —CH= CH, + NaOCI

Mn(TPP)C1
R4N+Cl/H2 0/CH2 02

Ph — CH— CH, + NaC
0"

Eq. 3-12

When the pyridine derivatives are introduced in the reaction systems, the reaction rate,
chemo- and stereo selectivity of the catalytic epoxidations with manganese porphyrins are
remarkably improved (Guilmet and Meunier 1982). Because the chemoselectivity is
improved, a large number of different olefins can be epoxidized using NaOCI with a good
yield (De Carvalho and Meunier 1983 and 1986).
When substitutents are introduced to the ortho position of the meso-phenyl
groups, the so-called sterically hindered porphyrin ligands form. Higher selectivity and
catalytic activity are achieved with these kinds of porphyrins. For example, with an
extremely hindered bis-pocket manganese complex based on the meso-tetrakis(2,4,6triphenylphenyl)porphyrin (TTPPP) ligand, an enhanced selectivity for the epoxidation of
the exocyclic double bond of 4-vinylcyclohexane and limonene is achieved (Suslick and
Cook 1987). In the case of 1-methyl-1,4-cyclohexadiene, the same shape-selective
catalyst produced almost the exclusive epoxidation of the disubstituted double bond (see
Equation 3-13).
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NaOCI

yo-

Mn(TTPPP)OAc

Eq. 3-13
Initially, commercial bleach solutions which are highly basic (pH = 12-13) are
used in the epoxidation with Na0C1. Later studies found that highly efficient catalytic
epoxidations can be obtained by adjusting hypochlorite solutions to pH 9.5 (Montanari,
Penso, Quici, Vigano 1985). But further lowering the pH values, the epoxide selectivity
decreased and significant amounts of chlorinated products were formed (Montanari,
Penso, Quici, Vigano 1985; Nali, Rindone, Tollari, and Valletta 1987).
1120 2 is a fast growing oxidant used today because it generates only water as side
product after the oxidation reaction and unlike bleach no chlorinated residues can be
formed in the reaction. However, hydrogen peroxide is often too reactive in transitionmetal-catalyzed oxidation. It was found that Imidazole and 2- or 4-methylimidazoles are
efficient cocatalysts in the Mn(TDCPP)Cl catalyzed epoxidation of cyclooctene with
hydrogen peroxide (Battioni, Renaud, Bartoli, Reina-Artile, Ford, and Mansuy 1988) (see
Table 3-2).

Table 3-2 Manganese Porphyrin Catalyzed Epoxidation with the Imidazoles as
Cocatalysts and Hydrogen Peroxide as Oxidant
Yield of Epoxide, %
Cocatalyst

After 1 h

Im

91

H202 Consumed, %
After 24 h

91

After 1 h
100

After 24 h
100
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Table 3-2 (Continued)
94
2-CH 3 -Im

94

100

100

4-CH3-Im

90

90

100

100

1-CH 3 -Im

51

85

59

100

Two equiv of H202 (30% in water, diluted 10 times in CH 3 CN) was progressive by
adding to the mixture of cyclooctene/imidazole/Mn(TDCPP)C1 (40:10:1) in
CH2Cl2/CH3CN (1:1) at room temperature in 0.5 hours.

In the presence of imidazole, Mn(TPP)Cl also can catalyze the epoxidation of
various olefins (styrene, cyclohexene, and cis-stilbene) with cumyl hydroperoxide as the
oxygen atom source (Mansuy, Battioni, and Renoud 1984).
De Poorter and Meunier (1985) found the ability of KHS0 5 (Potassium
Peroxymonosulfate) to behave as a single oxygen atom donor in the epoxidation of
olefins catalyzed by metalloporphyrins. Because the olefins can usually only dissolve in
organic solvents and the KHS05 is a water soluble oxygen source, the catalytic
epoxidation reactions with KHS0 5 have been conducted in a two phase system (Robert
and Meuniem 1988). The generalized reaction equation is shown in the Equation 3-14.

MIII(Por)C1/4-R-pyridine
Olefin

+

epoxide

KHS05
phase-transfer agent
buffered H20/CH2C12

Eq. 3-14

M 111 (Por)C1 = M(TPP)OAc, M(TMP)C1, M(TDCPP)C1, Mn(Br8TMP)C1, or
Mn(C112TMP)Cl
M = Mn or Fe
R = Me or t-Bu
Phase-transfer agent = any stable tetraalkylammonium salt
Buffered solution = phosphate buffer at pH — 7
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Highly catalytic activities are observed for this reaction system, e.g., for
cyclohexene with Mn(TPP)0Ac/4-tert-butylpyridine as catalyst, 80% yield of
cyclohexene oxide is obtained within 5 min.
Zhu and Ford (1991) discovered that the epoxidation of many alkenes with the
aqueous potassium peroxymonosulfate can be conducted without adding any organic
solvents. The products can be controlled by adjusting the initial pH of the reaction
solutions. At pH-1.6 diols (also important intermediates in organic synthesis) formed and
at pH-6.8 epoxides formed in most cases. We decided to scale up Ford's reaction system
to prove the water-based system can work well on a large scale without any organic
solvents. Ford's reaction system can be illustrated by Equation 3-15.

pH 6.8

(>0
0:0H
OH

3.2 Results And Discussion
Based on Ford's work, olefins can be oxidized to epoxide at pH > 6.7 and glycol at pH <
1.7 by an aqueous solution of Oxone ( potassium peroxymonosulfate ). We think that it is
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worthwhile to scale up this reaction system because there is no organic solvent used in
this reaction system.

3.2.1 Small Scale
The reaction was conducted in total 3 ml volume scale. The reaction was studied from a
variety of aspects by means of the kinetic method.

3.2.1.1 Reaction Time We first ran the reaction of cyclohexene with Oxone at pH 6.7 by
the following conditions in Ford's work. The results are listed in Table 3-3 and illustrated
in Figure 3-1. From Figure 3-1 (All figures in Chapter 3 are listed in Appendix B), it can
be easily seen that the reaction was almost completed in 2 hours with over 60% yield.
There is no significant amount of byproduct found in the experimental period.

Table 3 3 Experiment Data of Yields at Different Reaction Time
-

...............,____
Time, hour
0
0.5
1
1.5
2
3

Yields, %
0
33.9
44.5
49.4
60.8
67.3

The reaction curve has a typical shape of chemical reactions. The reaction was
conducted at room temperauture, there is no heat effect observed. The reaction was
conducted as a two-phase system.
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3.2.1.2 The Effects of Stirring Rates on the 5 Hour Yields Because the reaction was
conducted in a two liquid phase system, an increase of yield with stirring rates was
expected. The reaction was conducted with the above condition except that the stirring
rates were altered to look for the effects of the stirring rate. We found the reaction rate
can be strongly affected by the stirring rates. The yields increased with the increase of the
stirring rates in the whole range (0 - 2500 rpm) we studied. The stirring saturation point
was not found which means the reaction is a mass transfer controlled reaction in the
whole range studied. Magnetic stirring at 2000 rpm was chosen to be used in all
subsequent small scale experiments to ensure high conversion and reproducibility. The
results are shown in Table 3-4 and Figure 3-2.

Table 3-4 Five Hour Yields at Different Stirring Rates
Stirring Rate, rpm
0
250
500
1200

Five Hour Yields, %
6.1
22
34.7
67.3

_

3.2.1.3 Kinetic Study When we analyzed the reaction data, we found the reaction was
first order in cyclohexene. Results listed in Table 3-5 are a typical set of the kinetic data
we obtained. The data is illustrated in Figure 3-3. Because the oxidant is an inorganic salt
which is soluble in water and does not dissolve in organics, the reaction must occur in the
water phase. The mass transfer from the organic phase to the water phase is essential for
the reaction. From our experimental results, we think that the mass transfer is the rate
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controlling step because the oxidation reaction of cyclohexene by Oxone should be very
fast. The first order in cyclohexene reflects the process of cyclohexene transferring from
the organic phase to the aqueous phase. The first order reaction rate constants were used
in the study as reference in comparison of the reaction conditions.

An emulsion will be formed when organics are suspended in water along with a
strong stirring. Because the sizes of droplets of organics formed in emulsion depend on
stirring rates, and mass transfer rate increases with the decrease of the size of those
droplets, the mass transfer rate is dependent on the stirring rates. In our reaction system,
the reaction solution contains a very high concentration of inorganic salt and it is much
harder to form an emulsion. Therefore, a powerful stirrer is always desired to obtain a
better result.

3.2.1.4 Temperature Effects When we tried to compare the kinetic results obtained at
three temperatures, we found that the reaction rate constant at 40 °C was slightly smaller
than that at 20 °C. The experimental data are listed in Table 3-6 and illustrated in Figure
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3-4. The result is abnormal because the increase of temperature will result in an increase
of both rates of reaction and mass transfer. We think this abnormal phenomena resulted
from the evaporation of cyclohexene at 40 °C because the higher temperature also
resulted in higher evaporation rate. This can be proven by our evaporation experiments.
(See Table 3-7 and Figure 3-5).

The evaporation experiment was run with the same conditions as the epoxidation
experiment except no oxidant (Ozone} was added. The experimental results showed that
cyclohexene evaporation happened just at the very beginning when it was added into the

emulsified after a while.

3.2.1.5 Stirring Rates Effects on the Reaction Rate Constants We have known that the
5 hour reaction yields could be increased greatly by increasing the stirring rates. Similar
effects of stirring rates on reaction rate constants were observed. The experiment data and
reaction rate constants are listed in Table 3-8 and Table 3-9, separately and illustrated in
Figure 6 and Figure 7. The stirring saturation zone was not observed up to the maximum
designed stirring rate (2500 rpm) of the stirrer.
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3.2.1.6 Effects of Concentration of Oxone When we tried to increase the concentration
of Oxone, a reaction rate decrease was observed. The results are listed in Table 3-10 and
illustrated in Figure 8. We think the slower reaction rate should result from a salting out

Table 3-9 Reaction Rate Constants at Different Stirring Rates
._

Stirring Rate, rpm
100
500
1000
1500
2000
2500

First Order Reaction Rate Constants
0.003
0.006
0.008
0.011
0.015
0.017

effect because a higher salt concentration in an aqueous reaction solution lowers the mass
transfer rate of cyclohexene from the organic phase to the aqueous phase. The higher
concentration of oxidant would increase the reaction rate if there were no other effects.
But in fact, with the increase of the concentration of oxidant, an inorganic salt, the salting
out effect also increases so that the mass transfer rate is decreased. As mentioned in the
stirring effect, the formation of emulsion is very important in mass transfer because fine
droplets of organics in emulsion result in larger surface area contact with water. High
concentration of inorganic salt obstructs the formation of emulsion with fine droplets of
organics. A stronger stirrer will be helpful in increasing the mass transfer rates.

Table 3-10 Kinetic Data at Different Oxone Concentrations
Time, min
0
5
10
20

ln(Co/Ct) C6H10/0xone: 33/44 ln(Co/Ct) C6H1 0/0xone: 33/88
0
0
0.064
0.094
0.125
0.15
0.228
0.302
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3.2.2 One Liter Scale
One liter scale experiments were run to see if the reaction was affected in the same way in
the small scale by those parameters and if similar results can be obtained. Two reaction
systems, the cyclohexene with buffered at pH — 6.8 Oxone solution system and
cyclooctene with unbuffered pH — 1.6 Oxone solution system, were studied. The
cyclooctene was chosen for its higher boiling point to avoid the evaporation of reactant.
The results are listed and will be discussed below. One liter of Oxone solutions were
prepared and varieties of amounts of reactants were suspended in the solutions being
stirred with a mechanical stirrer.

3.2.2.1 Cyclohexene System 1) Effects of Reaction Temperature: Similar results with
small scale experiments were obtained from the 1 liter scale experiments. The
experimental data were shown in Table 3-11 and Figure 3-9. In these experiments, 54.21 g
Oxone, 18.5 g sodium bicarbonate were dissolved in water to produce 1 liter solution and
then 10 ml cyclohexene was added to the solution. The reaction mixture was stirred by a
mechanical stirrer. The evaporation at higher temperature can not be avoided and the
results suggest it is better to conduct the reaction at a lower temperature to avoid reactant
evaporation. Though the reaction rate is slower, a higher yield is achieved at lower
temperature for a longer time.
The data were analyzed and we found that the reaction kinetically was the first
order in cyclohexene. The calculated results are shown in Table 3-12 and Figure 3-10.
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evaporation experiments were also conauctea ana similar results was ootamea.
The evaporation of cyclohexene happened at the very beginning and then the cyclohexene
was kept by the water at a much slower evaporation rate. A higher temperature resulted in
a higher amount of cyclohexene lost.
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in the reaction system] in 1 liter of the above solution. We found the optimum
concentration of cyclohexene was 10 ml cyclohexene in 1 liter Oxone solution by
comparing the first order reaction rate constants in different initial concentrations of
cyclohexene. The result suggests that a slight excess of oxidant is better for the reaction.
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Table 3-14 (Contiued)
15
20
25

0.393
0.513

0.407
0.446
0.549

Unfortunately, the mechanical stirrer we have is not strong enough to provide a higher
stirring rate. Dr. Shu, a postdoctor in our group, ran an epoxidation reaction of
cyclooctene with a droplet type reactor. This reactor can obtain a better mixing and reach
a higher optimum concentration of Oxone. (Shu, Perlmutter, and Shaw 1995)
The results are listed in Table 3-14 and illustrated in Figure 3-12.

3.2.2.2 Cyclooctene System To avoid the evaporation of reactant, a higher boiling point
alkene, cyclooctene (b.p. 110 °C), was chosen for the following work. The epoxidation of
cyclooctene always produces epoxide either in an acidic or neutral environment. The
experimental results showed the evaporation of reactant was indeed avoided in this
reaction system and a mass balance was obtained.
1) Effect of Concentration of Oxone: When we fixed the amount of cyclooctene at 10 ml
and altered the amount of Oxone to look at the effects of the Concentration of Oxone, we
found there was an optimum concentration of Oxone. The results are listed in Table 3-15
and illustrated in Figure 3-13.

Table 3-15 Kinetic Data at Different Concentrations of Oxone
Time, min
0
5
10
mm

13.6g
0
0.022

27:2___ 54.4g
0
0
0.0149
0.030

81.3g
0

108.2
0

162.6
0

0.0255

0.0164

As we mentioned earlier in the results and discussion of the cyclohexene system,
there are two kinds of interactions present at the same time when Oxone dissolves in
water. For the oxidant, a higher concentration would be favorable to the reaction and
result in a higher reaction rate. On the other hand, as for the salt, a higher concentration
will result in an increase of the salting out effect so that mass transfer is hindered and a
slower reaction rate is obtained. Is there a salting out effect or salt effect? The following
experiment tries to prove the existence of the effect.
2) Salt Effects: From Figure 3-13 we can see that a concentration increase of Oxone
results in a slower reaction rate when the concentration of Oxone goes beyond a certain
point. We think this may be the result of salt effects because a high concentration of
inorganic ion in water will result in slower mass transfer rate from the organic phase to
the water phase by the salting out effect. To prove this, the following experiments were
conducted. The results can provide further proof for the existence of the salting out effect.
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The experiment data are listed in Table 3-16 and illustrated in Figure 3-14 and Figure 315.

From Figure 3-15, it can be clearly seen that the reaction rate constants decrease
with the increase of amounts of an unreactive salt, KHSO4, to the reaction system. We
think that this result can be used to explain the salting out effects. A mass transfer block
is built by dissolving salt in an aqueous reaction solution and becomes higher and higher
with the increase of salt concentrations. A strong mixing means, such as a strong
mechanical stirrer and/or droplet type reactor, is desired to reduce or overcome the block.
Dr Shu indeed observed that in a very high concentration of Oxone solution, the droplets
in the droplet type reactor become larger and a slower reaction was experienced.
3) Effects of Stirring Rates: The higher stirring rate results in a faster reaction rate. The
results are listed in Table 3-17 and illustrated in Figure 3-16 and Figure 3-17.
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Higher stirring can help the formation of emulsion with finer droplets of organics
in an aqueous mixture. The emulsion with finer droplets of organics has a larger contact
area between the water phase and the organic phase. A larger contact area is favorable to
mass transfer. There should be a point called stirring saturation. After this point in this
kind of system the reaction can not be increased by increasing the stirring rate because the
mass transfer rate becomes less important than the reaction rate. The limited step of
reaction changes from mass transfer controlled to kinetic controlled. In our experimental

range or stirring rates, me saturation poini is not ouserveu.

111 oLncr worus, We

Lange ut

stirring rate we studied is still in the range of mass transfer controlled.

3.2.3 Ten Liter Scale
A ten liter scale experiment was run to see if we could achieve similar yields with a
smaller scale experiment. The reaction was run 6 hours and a 50 % yield was obtained. In
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this scale, the reaction is slightly slower than in the 1 liter scale. We think that the major
reason for the slower reaction rate is mixing. The stirrer used in our experiment is not
strong enough to produce a well-mixed emulsion. The result is listed in Table 18 and
illustrated in Figure 18.
A similar shape with a slightly lower slope curve is observed compared to that in
the 1 liter scale experiment
There is no significant heat effect observed in the reaction and a 3 °C increase of
temperature was observed. We think that the increase of temperature results from the
stirring. The reaction goes very smoothly.

Table 18 Results of Ten Liter Scale Experiment
Time, min
0
15
30
60
90
150
210
240
300
360

Yield, %
0
1.98
3.91
9.47
18.0
23.6
32.9
40.4
48.2
49.8

3.3 Experimental
3.3.1 General
GC: A HP 5890 Gas Chromatography Instrument was used for the GC analysis. GC
analyses were performed on a 2mx1/8 in. TENAX packed column from Supelco Inc. and
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a Flame Ionization Detector using external standards and response factor calibrations.
Controlled magnetic stirring speed experiments were conducted with a VWR
Scientific 400 HPS Instrument that allowed precise control from 0 — 2500 rpm.
Mechanical stirrers were used for larger scale experiments.
Some typical GC charts are shown in Appendix .

3.3.2 Reagents and Solvents

Oxone was used without purification and the concentration of the active component was
checked by iodometric titration. Cyclohexene and cyclooctene were used without further
purification. Millipore deionized water was always used in all the experiments in which
the water was used as the solvent. Commercial analytical grade ether was used in all
analyses.

3.3.3 Small Scale Experiments
3.3.3.1 General Methods In a 15 ml round bottom flask, 0.65 ml of freshly prepared 1.0
M NaHCO3 solution, 1.57 ml deionized water and 0.73 ml freshly prepared Oxone
solution (contained 0.44 mmol KHS05) are mixed at room temperature and stirred at
2000 rpm with a magnetic stirrer. The order of addition of the solutions is water, Oxone,
and NaHCO 3 . Then the 46 41 (0.36 mmol) of cyclohexene is added rapidly to the stirred
mixture and time counting begins. At the desired time the reaction is stopped by adding
ether to extract the reactant and products. The reaction solution is extracted three times
and the extracts are combined in a 10 ml volumetric flask and finally diluted to the mark.
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The ether solution is analyzed immediately with a GC/FID. The increase of product is
monitored.

3.3.3.2 The Effects of Stirring Rates on the 5 Hour Yields The reactants are mixed as
described in the general method with the amount mentioned. The reaction solution is
stirred with the magnetic stirrer and the stirring rates are changed from 0 — 1200 rpm at
room temperature. At 5 hours, ether is added to stop the reaction. After extraction and
dilution of the solution to 10 ml, the resultant ether solution was analyzed quantitatively
by GC.

3.3.3.3 Kinetic Method The amounts and procedure as described in the general method
are employed. The amount of product is monitored. We assume that the total decrease of
organic reactant is due to product formation and the reaction is treated as first order in
cyclohexene or cyclooctene.

3.3.3.4 Temperature Effect The amounts and procedure as described in the general
method are employed and data are treated as in the kinetic method. The reactions are
investigated at three temperature (0 'V, 22 °C, and 40 °C). A water-bath with desired
temperature (0 °C and 40 °C) is used in the experiment. The temperature is measured in
the water bath and is not the temperature inside the reaction solution.
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3.3.3.5 Effects of Stirring Rates The same amounts and procedure as described in the
general method are used and data treatment follows the kinetic method. The reactions are
studied at different stirring rates (from 0 — 2500).

3.3.3.6 Concentration Effects The same procedure as described in the general method is
employed and data are treated by the kinetic method. The higher concentration of Oxone
is used by doubling the volume of the Oxone solution and reducing the volume of the
water to keep the total volume of reaction solution unchanged. Two Oxone concentrations
were compared.

3.3.4 One Liter Scale Experiments
3.3.4.1 Cyclohexene System 1) General Method: 54.21 gram Oxone and 18.50 gram
sodium bicarbonate were weighed into a one liter volumetric flask. Water was added to
half full with the flask vigorously shaking. After the solids totally dissolved, more water
was added to the mark. This solution was transferred to a two liter four neck jacketed
reactor which is equipped with a mechanical stirrer, a condenser, and a thermocouple.
The solution was stirred at around 600 rpm. The cyclohexene is added rapidly at once. A
0.5 ml reaction aliquot is transferred at different times to a vial and precisely 2 ml ether is
added to the same vial. After being shaken and allowed to stand a while to affect layer
separation, the upper ether solution is injected in the GC to be analyzed quantitatively.
The product increase is monitored.
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2) Effects of Reaction Temperature: The amounts of reactants and procedure as described
in the general method were employed. 10 ml cyclohexene was added to the solution. The
jacketed reactor was surrounded by at different temperature water to realize the designed
experimental temperatures. The reactions were followed for two hours. The reactions
were treated kinetically as the first order in cyclohexene. The calculation was based on
the change of product concentration.
3) Effects of Concentration of Cyclohexene: The amounts of reactants and procedure as
described in the general method were employed. Experiments were conducted at room
temperature. 5 ml, 10 ml, or 15 ml cyclohexene were added separately to the reaction
system. The reactions were followed for 4 hours. The reactions were treated kinetically as
the first order in cyclohexene. The calculation was based on the change of product
concentration.
4) Effects of Concentration of Oxone: The same procedure as described in the general
method was used and double the amounts of Oxone and sodium bicarbonate were
employed. 10 ml cyclohexene was added to the solution. The reactions were conducted at
room temperature. The reactions were followed for two hours. The reactions were treated
kinetically as the first order in cyclohexene. The calculation was based on the change of
product concentration.

3.3.4.2 Cyclooctene System 1) General Method: The same as the general method of
cyclohexene system was used except no sodium bicarbonate was added.
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2) Effects of Concentration of Oxone: The same procedure as described in the general
method was used but the amounts of Oxone were changed from 13.6 gram to 162.6 gram.
10 ml cyclooctene was added to the solution. The reactions were conducted at room
temperature. The reactions were followed for two and half hours. The reactions were
treated kinetically as the first order in cyclooctene. The calculation was based on the
change of product concentration.
3) Salt Effects: The same amount of reactants and procedure as described in the general
method were employed and up to 135 gram KHSO5 were introduced to the reaction
system. 10 ml cyclooctene was added to the solution. The reactions were conducted at
room temperature. The reactions were followed for two hours. The reactions were treated
kinetically as the first order in cyclooctene. The calculation was based on the change of
product concentration.
4) Temperature Effect: The same amounts of reactants and procedure as described in the
general method were employed. 10 ml cyclooctene was added to the solution. Water of
different temperatures was circulated among the jacketed reactor to realize the designed
experimental temperature (3 °C, 22 °C, and 38 °C). The reactions were followed for two
hours. The reactions were treated kinetically as the first order in cyclooctene. The
calculation was based on the change of product concentration.
5) Effects of Stirring Rates: The same amounts of reactants and procedure as described in
the general method were employed. 10 ml cyclooctene was added to the solution. The
stirring rates were changed from 350 rpm to 800 rpm. The reactions were followed for

81
two hours. The reactions were treated kinetically as the first order in cyclooctene. The
calculation was based on the change of product concentration.

3.3.5 Ten Liter Scale Experiments
The same procedure as described in the general method of 1 liter scale experiment was
used. The amounts of the reaction components were 10 liter, 650 gram Oxone, and 200
ml cyclooctene. The reaction was stirred at 500 rpm at room temperature.

CHAPTER 4

LIGHT INDUCED FREE RADICAL BROMINATION OF AROMATIC ALKANE
AND NON-AROMATIC ALKANE IN AQUEOUS MEDIA

4.1 Introduction
Free radicals can be defined as species having one or more unpaired electrons. A large
variety of chemicals can be categorized as free radicals by this definition. In some cases,
free radicals are monatomic species such as halogen atoms, the alkali metal atoms, and
certain metallic ions having an unpaired electron. In organic chemistry, the more familiar
free radicals are the polyatomic species that have an unpaired electron. The unpaired
electron can be on the carbon atom as in the case of the alkyl radicals and on the hetero
atoms, i.e., on oxygen as alkoxy, and peroxy radicals, on sulfur as thiyl radicals. The
unpaired electron also is found on phosphorus, silicon and germanium. Some examples of
free radicals are listed in Table 4-1.

Table 4-1 Examples of Simple Free Radicals
Name of the Radical
Species
Chlorine atom or radical
Cl'
Bromine atom or radical
Br '
Iodine atom or radical
I'
Lithium
atom
Li
Sodium atom
Na
Potassium atom
K.
Cobalt ion (II)
Co"
Copper ion(II)
Cu"
Ce+3Cerium ion (II)
Fe+3Iron ion (III)
Ag+1Silver ion
Methyl radical
CH3.
t-butyl radical
(CH3) 3C.

82

83
Table 4-1 (continued)
CH 3 CH2•
C6H5
(C1) 3 C
C 6 115 C H3 C 0 0
(CH3)3C0
n-C4.H9S•

Ethyl radical
Phenyl radical
Trichloromethyl radical
Cumen peroxide radical
t-Butoxy radical
n-Butylthiyl radical

In some cases, the free radicals have special and more complicated structures
which give the free radicals a special characteristic. For example, some free radicals are
stable enough to be isolated. Examples of such free radicals are "galvinoxyl' (1), di t-

butylnitoxide (2), and diphenylpicryhydrazyl (3). In such kinds of free radicals, usually
the unpaired electron may not be limited on a single atom and delocalizes the whole
structure. The delocalization of unpaired electrons usually is used in the explanation of
the special stability that free radicals have.

R
N-

/

R

2

H5 C6
\

•

N-N

NO2

H5 C6/

02N
3
R= (CH 3 ) 3 C
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Generally speaking, most free radicals are too reactive to be isolated except for a
few instances. They exist only as intermediates in chemical reactions. Any reaction that
involves one or more free radicals as reaction intermediates can be regarded as a freeradical reaction. The free-radical reactions have certain patterns which can accommodate
most free-radical reactions.

4.1.1 Formation of Free Radicals

Usually, the formation of free radicals can be generalized as several patterns.

4.1.1.1 Thermolytic reactions Maybe the most familiar radical-producing reaction is the

thermal decomposition of an organic molecule containing a peroxide linkage. In Equation
4-1, the decomposition of t-butyl peroxide by heat is illustrated. This reaction produces
two mole free radicals and often is used as an initiator of free-radical reactions. There are
some similar initiation reactions of free-radical reactions that can often be met and are
shown in Equation 4-2 to Equation 4-4 (Pryor 1966 and Huyser 1970).
C H3 )3 COO C(C H3 ) 3

2(CH3)3C0
120°C

Eq. 4-1

0 0
II
II
CH3 COOCCH 32C1-13. +
-75°C
0 0
11
II
C 6H5 C O 0 C C6H5

2CO2
Eq. 4-2

0
80°C

2 C6H5 C 0 •
Eq. 4-3
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0

CH3COOC(CH3)3

100°C

C FI3 + CO 2 + • OC (CH3)3

Eq. 4-4

Another kind of initiation reaction is the thermolysis of azonitriles at about 70 °C
which generates a molecule of nitrogen and two mole alkylnitrile radicals. Among them,
the azobisiisobutyronitrile is the most widely used and the decomposition reaction is
drawn in the Equation 4-5.
(CH 3 ) 2 C —N =N —C (CH 3 ) 2 —0.
-70 °C

CN

CN

2 (CH3)2C
CN

+ N2
Eq. 4-5

4.1.1.2 Photolytic Reactions Light can be absorbed by many compounds and the
absorbed light compounds become excited. Some of the excited molecules undergo
photochemical decomposition yielding free radicals. Photochemical decomposition of
Chlorine and bromine molecules may be the simplest and most familiar examples. The
processes of the decomposition are shown in Equation 4-6 and Equation 4-7 (Pryor 1966
and Huyser 1970).
012

hu

Br,

u
?

2CI

2Br '

Eq. 4-6

Eq. 4-7

Some peroxides and azonitriles also undergo photochemical decomposition
producing free radicals at various temperatures although higher temperature is necessary
to thermolytic these molecules. Depending on the molecules, a variety of wavelengths of
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light is used for the purpose but in most cases, ultraviolet light is needed in such
processes. Equation 4-8 and Equation 4-9 give two examples of these kinds of processes.
(CH3 ) 3 C00C(CH 3 )3

(CH3 )2 C-N=N1

CN

hv
--10- 2 (CH3 )3 C0 •

hv

go-13)2

Eq. 4-8

2 (CH3)2C,

1
CN

CN

Eq. 4-9

Some specially structured molecules can produce two different free radicals at the
same time. The example can be seen in the Equation 10.
Br

BrC C

C13C

Eq. 4-10

Decomposition may not be necessary for forming the free radicals. In many cases,
the molecules excited by light behave just like di-radicals when they react further. This
situation happens when the excited molecule undergoes a change from excited singlet to
triplet by an intersystem crossing process. This process can be illustrated by the Equation
4-11.
0
1I

C6H5C C 6H5

0

0

II
C6H5CC6H5

v,

)1°

C 6H5C C 6H5

Eq. 4-11

4.1.1.3 High Energy Radiation Some high energy radiation, such as y-rays, X-rays, and
high-energy electrons, can be used in producing the free radicals. The free-radical
producing process in each case is that the molecule is radiated by high energy rays and
absorbs energy from the rays and then forms radical-ions by loss of an electron. Free
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radicals are produced by either recombination of the radical-cation and a lower-energy
electron yielding a molecule in a high-energy molecule state which decomposes into free
radicals, or capture of an electron by a molecule producing a radical-anion which
decomposes into an anion and a free radical. This process is illustrated in Equation 4-12
by the example of y-radiation of BrCC13 (Pryor 1966 and Huyser 1970).
BrCC13
BrCC13* (-)
BrCC13 -^m^AN
y-Radiation

)‘*"

BrC C13

+

+

eo.

)0 Br- + C13 C •
BrCC13 *
) Br + Cl3C•

Eq. 4-12

4.1.1.4 Chemical Reactions Free radicals can be produced by certain oxidation-reduction
reactions. These processes usually need metal ions for the electron sources and involve
various peroxides. These processes can be generalized as in the Equation 4-13 (Pryor
1966 and Huyser 1970).
ROOH + M +n

RO +

+

(n+1;

Eq. 4-13

4.1.2 Chain Processes of Radical Propagating Reactions
Free radical reactions usually involve a chain mechanism: an initiation step forms the
radicals, propagation steps occur in which the number of radical species remain
unchanged, and finally a termination step in which the radicals are destroyed and the
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chain is ended. An example of a chain process is the light-induced chlorination of
hydrocarbon, RH and is shown in Equation 4-14 to Equation 4-20 (Pryor 1966 and
Huyser 1970).:

Initiation:
light
C12

2C1`
Eq. 4-14

Propagation:
Cl' + RH —31.- R' + HC1
R' + C12R—Cl

+

Eq. 4-15
CI'
Eq. 4-16

Termination:
2C1•

2R"
C1' + R•

C12

Eq. 4-17

R—R

Eq. 4-18
R—Cl

Eq. 4-19

Sum of the chain process:
R—H + C12R—Cl + HC1

Eq. 4-20

The length of the chains varies greatly depending on the characteristics of the free
radicals, the properties of solvents, and other natures of the reaction environment.
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4.1.3 Solvent Effects
Because the intermediates in the free radical reactions, the radicals, are electronically
neutral, the effects of solvent are usually less pronounced in reactions forming radicals
than in the analogous heterolytic reaction. That does not mean that the solvent effects are
unimportant in free-radical reactions. In fact, many radical reactions show a dependence
on solvent parameters (Kochi 1973).
The overall rate of free radical reactions can be affected a lot by the nature of the
solvent, polarity of solvents, protic or aprotic solvents, and viscosity of solvents, because
the viscosity and dielectric constant of the medium can influence the rate-controlling
velocity constants for initiation, propagation, and termination.
Solvent effects on the initiation process (Howard and Ingold 1964 and Hendry and
Rusell 1964) influence both the efficiency of radical production and the unimolecular rate
constant for decomposition of the initiator. Both factors tend to increase with increasing
polarity of the solvent (Howard and Ingold 1964).
Influences of change in the dielectric constant of a reaction medium on both the
rate-controlling propagation and termination reactions have been found (Howard 1972).
Hydrogen-bonding solvents (Howard 1972) have been found that can influence the
reactions both by altering the polarity of the medium and by changing the reactivity of
peroxy radicals by hydrogen bonding.

4.1.4 Free Radical Bromination of Alkanes with Molecular Bromine
The bromination of alkanes is important because the reaction provides a means of intro-
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ducing a functionality into alkanes. The free radical bromination proceed by a chain
mechanism. The energy of the radical-propagating and overall bromination reactions of
several hydrocarbons are shown in Table 4-2 (Huyser 1970).

Table 4-2 Enthalpies of Bromination Reactions

RH

Alifor
Br' + RH -1. - HBr + R•

z1H for
R• + Br2 —0- RBr + Br'

AH for
RH + Br2—► RBr + HBr

(kcal/mole)

(kcal/mole)

-7.5

CH3—H

+16.5

(kcal/mole)
-24

CH3 CH2 — H

+ 10.5

-23

-12.5

(CH3 )2 CH —H

+7M

-22

-15.0

(cH3 ) 3 c— H

+3.5

-17

-13.5

H

-2.5

-5

-7.5

C6 H5 CH2

-

As we know, usually the free radicals are very reactive so that the free radical
reactions have less selectivity and result in mixed products. Because the bromine atom is
a relatively stable free radical compared to most other free radicals, it has more
selectivity. For example, bromination of isobutane produces only t-butyl bromide with no
appreciable amounts of isobutyl bromide (Huyser 1970). (See Equation 4-21)
The relative reactivity ratio ki/k2 has been estimated to be about 2000 at 146 °C.
The reactivity of alkyl hydrogens toward reaction with bromine atoms is in the order
Tertiary > secondary >> primary.
The need to reduce and/or eliminate toxic chemical wastes and by-products in
chemical manufacturing require the development of new synthetic methods that use corn-
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CH3cH3
Br2
CH 3 —c
CH3—CBr +
CH 3CH3
CH3

-HBr

CH 3 -CH
CH 3

.,_k2
-HBr

CH3

CH3
Br2

BrCH2-CH

' CH2 - CH

CH3CH3

Eq. 4-21

pounds that are less toxic and more environmentally benign. For some reactions, the
solvents which have been selected based on their chemical inertness are highly
halogenated compounds, such as chlorofluorocarbons and carbon tetrachloride that may
exert harmful effects to the environment. The free radical bromination of various alkanes
is among those reactions. The solvents used in most free radical brominations are
chlorofluorocarbons and carbon tetrachloride. To avoid use of these environmentally
harmful solvents, Tanko and Blackert (1994) tried to use the supercritical carbon dioxide
as the reaction solvent and got very good results which are similar to those observed in
conventional organic solvents. Some of their results are shown in Table 4-3.

Table 4-3 Products and Yields of the free-radical bromination of alkylaromatics in
supercritical carbon dioxide at 40 °C.

Reactants

Major Products
Structure

Yields, %

Byproducts
Structure

Yields, %
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Another potential solvent for free radical bromination is water. There are a few
studies involved in free-radical bromination in water. One of those is an investigation of
the kinetics of radical-initiated chain bromination of 2-methyl-2-propanol by Nbromosuccinimide in water ( Lind, Jonsson, Shen, Eriksen, Merenyi, and Eberson 1993).
In this study, the authors use the method of y-radiolysis of bromine and Nbromosuccinimide to initiate the free radical chain reaction in water. They realized the
free radical bromination of 2-methyl-2-propanol in water with very low concentration of
bromine. Another study is the reaction mechanism of hydrogen abstraction by the
bromine atom in water (Merenyl and Lind 1994). In this work, 1,2-dibromoethane was
used as the bromine atom source and the pulse radiolytic method was used to initiate the
free-radical reaction. They found there is no obvious difference in the reaction rates
between water and other organic solvents after the reaction rates in different solvents
were compared.
We think water has great potential as a replacement of hazardous organic solvents.
Because of poor miscibility between the organics and water, the bromination reaction like
other organic reactions is seldom conducted in water. We used a multi-phase system to
conduct this reaction. The results are interesting.

4.2 Results and Discussions
4.2.1 Free Radical Bromination of Alkyl Aromatics
4.2.1.1 Toluene The free radical bromination of toluene was conducted with initiation by
both visible and ultra-violet light in an aqueous system. Although there are a number of

93
methods of conducting organic reactions in water, we have chosen rapid mixing of these
multiphase systems. A typical procedure consisted of adding bromine to a stirred aqueous
suspension of organic substrates and irradiation with either visible or ultra-violet light. The
total disappearance of bromine color in solution was used as the indicator of the reaction
end point. The products were separated from water and analyzed quantitatively and
qualitatively by various methods. We have found that toluene undergoes both water-based
side chain bromination (by free radical mechanism) and ring bromination (by ionic
electrophilic substitution mechanism) in the presence of visible or ultra-visible light, and
only ring bromination in the dark. (Table 4-4)

Table 4-4 Results of Toluene Bromination in Water

0 Watts*

60 Watts

100
Watts

200
Watts

25

0

66

64.5

77.3

58.6

9

5.5

16.5

7.1

14.1
0.5

3.55
2

lio CH2Br

% Yield(A)
*

CH3

10
81.7
% Yield(B)
6.6
Mole Ratio of AB
0
40
Reaction Time, hr
2
* Watts is the power of incandescent light used.
Br

1

Watts

The bromine molecule easily develops a dipole with one end relatively positive and
the other negative in an aqueous medium with the help of the high polarity of water. Then,
in the absence of light, the system should be characterized with an electrophilic attack on
the benzene ring by a polarized bromine molecule. We can call this reaction the
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dark reaction. The reaction is shown in Equation 4-22. The products can be either orthoor para bromotoluene.
-

The Dark Reaction:
6+

Br—Br

6-

(aq

CH3

HB r
Eq. 4-22

However, the situation may be slightly complicated because upon irradiation with
light, the bromine molecule will be broken down to 2 bromine free radicals. Then, a free
radical chain reaction may occur. The free radical chain reaction is illustrated in Equation
4-23 to Equation 4-25.
Free Radical Chain Reaction:
Br

hu ► 2Br

Eq. 4-23

Br'

+ HBr
Eq. 4-24
CH2Br
Br2

Eq. 4-25
Based on our experimental results, it is concluded that in the presence of light
both dark reaction and free radical bromination occur. We found both A (the product of
free radical bromination) and B (the product of electrophilic substitution) as products
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when reactions are irradiated by either visible or ultra-violet light. That is, the dark
reaction and free radical chain bromination compete in the reaction system. The total
reaction may be expressed as follows:
CH 3CH2Br
Br2

hu

CH3

1913r

H2 0
A

Eq. 4-26

A is obtained only by the light-induced free radical bromination because no A
forms when the reaction is conducted in the dark. Theoretically, B may be obtained by
both free radical ring bromination and electrophilic ring substitution. For comparson, the
reaction was conducted both in the light and in the dark in carbon tetrachloride. The
results show that about 100 % A in nearly 100 % yield forms with the presence of light
and no reaction occurs without light. We can conclude that the free radical ring
bromination can be neglected in our reaction system because no significant amount of B
is found in the carbon tetrachloride reaction in the presence of light. Another conclusion
which can be drawn is that water is necessary to form B because the bromine molecule
has to be polarized to attack the benzene ring electrophilically and water can help to
induce polarization of bromine molecules.
Another interesting phenomenon of this light-induced water-based reaction is that
both yields of A product and mole ratio of A/B increase with the power of the light
sources. (See Table 4-1) The bond in bromine molecule is relatively weak and easily
broken down by light energy and the concentration of the bromine free radicals depends
on the incident light intensity. It is easily to understand why the intensity of incident light
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has a larger effect on the ratio of the two products. The higher incident light strength
makes the reaction conditions more favorable for the free radical formation.
One thing which should be mentioned is the reaction time. The reaction done in
carbon tetrachloride only took a couple of minutes to complete. But the reaction carried
out in water took a much longer time than that in carbon tetrachloride. We think that hints
that the reaction in carbon tetrachloride with light has a much longer reaction chain than
the one in water.

4.2.1.2 Free Radical Bromination of Other Alkyl Aromatics in Water The other alkyl
aromatic compounds used as substrates for the water-based light induced free radical
bromination are diphenylmethane, triphenylmethane, o-xylene, mesitylene, and durene.
Some of the results are cited from work of Susan Arco, a Ph.D student in our group, to
help explain certain results. The results of bromination of these substrates can be classified
in two groups: one is similar to the behavior of toluene and includes diphenylmethane,
triphenylmethane, and o-xylene and another one is much different from the behavior of
toluene, which always yields ring bromination products in the presence or absence of light
and includes mesitylene and durene. The results are listed in Table 4-5.

Table 4 5 The Results of Bromination of Aromatics other than Toluene
-

Substrates
(Ph)2 a12
(Ph) 3 CH

Products and Yields
Presence of Light
(Ph) 2CHBr B r ik H2 0
81 %
Trace

lis Br

(Ph)3a3r (Ph) 2 CH
Trace
86 `A

Absence of Light
Br* H2 0
(Ph)2CH

it

Br

Because the benzene ring becomes more and more nucleophilic with the increase
of the methyl substitution, the electrophilic substitution reaction on the the benzene
becomes the preferred reaction to the free radical one. So the bromination of some highly
nucleophilic aromatics, such as mesitylene and durene, can not yield products of freeradical bromination on the side chain even with light irradiation and only the products of
ionic substitution of the benzene ring are obtained. We do not actually know what the
product is. But we do know there is no product of side chain bromination because NMR
spectra can illustrate this. If there is side chain bromination, it will be observed that a
down field chemical shift of the hydrogens in the methyl group substituted with the
bromine atom in the product molecule. In our results for both presence of light and
absence of light, the NMR spectra of product mixtures indicate no such kind of chemical
shift. GC analysis indicates there are two peaks, one is unreacted durene and one is
product.
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4.2.2 Free -Radical Bromination of Non-Aromatics
4.2.2.1 Free -Radical Bromination of Cyclohexane and Methylcylohexane The nonaromatics, such as cyclohexane and methylcyclohexane, can be brominated with light
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of cyclohexane and methylcyclohexane are drawn in the Equation 4-27 and Equation 428.
The results of bromination of cyclohexane are listed in Table 4-6.
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Because of the neighboring group participation of the bromine atom, the
neighboring position becomes more active after first the bromination. With the
concentration of monobromoproduct increasing, the second bromination becomes the
dominant reaction. Some literature can prove this. Table 4-7 (Thaler 1963) has some data
which can confirm the effect, too.

From Table 4-7 we can clearly see that the neighboring positions of bromo
substitution are activated. The higher yield of dibromoproduct in the bromination of
methylcyclohexane can be explained by the more stable conformation of the
monobromomethylcyclohexane. Because the bromine atom has a high selectivity for
abstracting the hydrogen of tert-carbon, the main product of first bromination is the 1bromo-methylcyclohexane. In the dominant conformation of the 1-bromomethylcyclo-

Br

101
hexane, the methyl group is in a equatorial position and the bromine is in an axial position.
This conformation happens to be the required conformation that can result in an effective
neighboring group participation of the bromo group.
Although it is possible that the dibromo products result from the elimination of HBr
then addition of Br2, we think that elimination is hard to occur at our reaction condition.

4.3 Experimental
43.1 General
GC: A HP 5890 Gas Chromatography Instrument was used for the GC analysis. GC analyses
were performed on a 2mx1/8 in. 5% Sp-1200 and 5% Bentone 34 on 100/120 Suplecopor
column and a BET Detector using external standards and response factor calibrations.
Magnetic Stirrer for small scale experiment: Controlled magnetic stirring speed
experiments were conducted with a VWR Scientific 400 HPS Instrument that allowed precise
control from 0 — 2500 rpm.
A common table light with an incandescent bulb was used as the source of visible light
radiation and a 25 watt UV light was used as the UV light source.

4.3.2 Reagents and Solvents
Commercial analytical grades of non-aromatic and aromatic substrates and bromine were used
without further purification. Distilled water was always used in all experiments in which the
water was used as solvent.
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4.3.3 Experiment Procedures
4.3.3.1 Bromination of Toluene 1) Reactions in Water: 6 ml Toluene was suspended in
50 ml water by stirring the solution with a magnetic stirrer, then 1.5 ml bromine was
added in one batch at room temperature. For the light reactions, the reaction were
irradiated with an incandescent lamp and the lamp was placed far enough away to avoid
the reaction flask being heated up. For the dark reactions, the reaction flask was wrapped
completely with aluminum foil. The UV light reactions were carried out in a similar way,
but a specially designed quartz reactor was used. A 25 Watts low pressure Hg lamp was
used as the light source.
2) Reactions in Carbon tetrachloride: The same amounts of reactants as in water reaction
were used and 50 ml carbon tetrachloride was used as the reaction solvent. The reaction
setups similar to those in water reactions were used and an additional hydrogen bromide
adsorption setup was connected to the reaction system.
Products were identified and or confirmed by GC/MS and analyzed quantitatively
by GC. The spectra were attached in the Appendix.

4.3.3.2 Bromination of Durene We tried to conduct a bromination reaction with a solid
substrate and durene was chosen as the substrate. The reactions were conducted in both
light and dark conditions by the following procedure: 4.15g durene was suspended in 50
ml water and stirred by a magnetic stirrer, 1.5 ml bromine was added from a dropping
funnel in a batch. The 200 watts incandescent light induced reaction was conducted 1.5
hours to the complete disappearance of the color of bromine. The dark reaction was
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conducted for 4 hours. Reactions resulted in one product under both conditions. The
NMR spectrum indicates that bromination did not occur on the side chain and the
spectrum was attached in Appendix C.

4.3.3.3 Bromination of Cyclohexane and Methylcyclohexane The reactions were
carried out in a manner similar to the procedure of bromination of toluene. The amounts
of bromine were changed to reach the wanted ratios of reactants. The products were
identified by GC/MS and analyzed quantitatively by GC.

CHAPTER 5

CONCLUSION
As a consequence of poor water solubilities of organic compounds, special considerations
need to be addressed when organic reactions are conducted in water. However, some
unexpected benefits, besides environmental considerations, may be obtained, if the
reactions are conducted in a water medium.
For example, the reaction rate may be accelerated, reaction selectivity may be
altered and/or increased. Water-soluble gaseous byproduct may be trapped into the
aqueous reaction media and thus no other set-up is needed, products may be more easily
separated by taking advantage of non-water solubility of organic products, and products
may be controlled by adjusting the pH of the reaction solution so that the synthetic
sequence is simplified, etc.
Water has very good potential to be a preferred media in which organic reactions
are conducted, but new operating procedures need to be developed.
Surfactants may be used to help solve the problem of the poor water-solubility of
reactants. In the case of solid reactants, small amounts of organic solvents may be needed
to dissolve the solids so as to increase the surface area of solid reactants. Of course, water
can not be used as the reaction medium in cases where water sensitive reactants or
products are met. In this thesis, three types of water-based reactions were investigated,
viz., free radical bromination, epoxidation, and the Diels-Alder reaction.
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5.1 DieIs Alder Reactions
-

Two reaction systems, 2,3-dimethylbutadiene with methyl vinyl ketone system and
cyclopentadiene with methyl vinyl ketone system, were conducted as two-phase systems
in water. The reactions were conducted without any organic solvents and were very
smooth at room temperature. Heating was needed to speed up the reactions in some cases.
The reaction rates are accelerated by conducting them in water.
For the 2,3-dimethylbutadiene with methyl vinyl ketone reaction system, the
reactions can be greatly accelerated by increasing the reaction temperature. Reaction rates
also can be increased by increasing the mole ratios of dienophile to diene. There is an
optimum ratio between the amount of organic reactants and water. We think the
phenomena results from competition between the hydrophobic acceleration and loss of
rate acceleration because of dilution.
For the cyclopentadiene with methyl vinyl ketone reaction system, the mole ratios
of the endo-/exo- products were changed dramatically. Higher ratios of organic reactants
to water results in lower ratio of endo-/exo- products and lower ratios of organic reactants
to water results in higher ratio of endo-/exo- products.
The results of scale-up experiments show that the same range of yields can be
achieved at any scale without any problems.
The stirring rate affects the reactions at the lower stirring rates and almost no
significant effect is measured at stirring rates above a stirring rate threshold for both
reaction systems. We believe that the reactions easily reach the maximum mass transfer
rate and become rate-controlled reactions.
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5.2 Epoxidation of Olefins with Aqueous Oxone Solution
Two substrates, cyclohexene and cyclooctene, were used in this research. The reactions
were conducted as a two-phase system in water with no organic solvents added. The
reaction can be accelerated by increasing the stirring rates. A maximum mass transfer rate
was not observed in the range studied (0-2500rpm). The reaction rate also can be
increased by increasing the temperature. There was an optimum concentration for the

Oxone. This is the result of competition between the concentration effect and salting out
effects. Higher Oxone concentration results in higher reaction rates and higher Oxone
concentration also results in higher salt concentration which slows down the rate of mass
transfer.
The results from the small scale experiments can be easily transferred to a larger
scale.

5.3 Photo induced Free Radical Bromination of Alkanes
-

-

Two systems, alkyl-aromatic systems and non-aromatic alkane systems, were studied.
The reactions are conducted as two-phase systems in water with radiation from an
incandescent lamp.
For the alkyl-aromatic system, there are two competing reactions, photo-induced
free-radical bromination on the side chain and ionized substitutive bromination on the
benzene ring. The ratio of products of the two reactions changes with the reaction
conditions. For example, with toluene, the product of side chain bromination is the major
product with light radiation and the ratio of side chain bromination to ring bromination
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increases with the increase in intensity of the incident light. When the reaction is carried
out in the dark, the only products are those involving ring bromination.
With increased of substitution of methyl groups on the benzene ring, the benzene
ring becomes very nucleophilic. In these cases, only ring bromination products can be
obtained. For example with durene, the only products are ring bromination products in the
presence or absence of light.
For the non-aromatic alkane system, the reactions are much slower than in the
aromatic system. When the mole ratio of alkane to bromine is 1 to 1, the major product is
dibromoalkane because of the neighboring bromine atom participation in bromination of
the monobromo compound.
Only the electrophilic addition product is obtained with the highly nucleophilic
cyclohexene in the presence or absence of light radiation.
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Figure A-13 GC Chart of GC/MASS Analysis of Bromination Products of Toluene
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Figure A-16 Mass Spectrum of GC/MASS Analysis of Bromination Products of Toluene (Rt:7:53)
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